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This thesis describes synthesis and structural studies of Cu(II), Co(II) and 
Zn(II) metal coordination polymers as well as Au(I) metal-macrocycles. The 
dissertation study focuses on (i) synthesizing coordination polymers of interesting 
topologies, (ii) investigation of water clusters hosted by coordination polymers and 
(iii) aligning the olefinic C=C bonds for photochemical [2+2] cycloaddition reaction 
in the solid-state. The thesis has been divided into 6 Chapters.  
 The Chapter 1 provides the background research literature briefly to 
understand the rest of the chapters in the thesis, reviews the recent developments in 
coordination polymers, interesting water clusters of various architectures trapped in 
the organic and inorganic crystal hosts, and finally the current challenges in 
photochemical [2+2] cycloaddition reaction in the solid-state. At the end, the scope of 
this thesis investigation is delineated. 
 
 The formation of water heptameric clusters of different morphologies within 
Cu(II) coordination polymers is presented in the Chapter 2. This is divided into three 
sections. Section 1 deals with the characterization of cyclic water heptamer, (H2O)7 
trapped in the 3D diamondoid coordination polymer formed from Cu(BF4)2, H2muco 
and phen. When the single crystal is cooled from 296 K to 223 K, it undergoes SCSC 
phase transition from monoclinic C2/c to P21/c space group accompanied by 
structural transformation of cyclic (H2O)7 to bicyclic water heptamer containing edge 
sharing pentamer and tetramer rings. Section 2 discusses the influence of anion in the 
structural transformation of water heptamer in the crystal host by changing anion from 
BF4¯ to ClO4¯.  When the BF4¯ is replaced anion, the cyclic water heptamer 
 XV 
 
transforms to another heptamer composed of cyclic pentamer ring buttressed by an 
acyclic dimer via SCSC transformation. The encapsulation of water helicate by 
changing the structure of the backbone of the coordination polymer from phen to a 2, 
2′-bipyridine (bpy) ligand is described in Section 3. 
 
 Chapter 3 describes with the synthesis of coordination polymers of Co(II) and 
Zn(II) metal with spacer ligands. This chapter is divided into two sections. Section 1 
discusses two different 3D interpenetrated Co(II) coordination polymers in one-pot 
reaction and pseudo supramolecular isomerism. In Section 2 synthesis and 
photochemical structural transformations of three interpenetrated 3D pillar-layered 
Zn(II) coordination polymers are discussed. Here the infinite pair of bpe ligands 
acting as pillars undergoes 100% photochemical [2+2] cycloaddition reactions.  Of 
these two compounds were accompanied by SCSC transformation. This appears to be 
the first example of 3D→3D SCSC structural transformation in interpenetrated 3D 
coordination polymers induced by UV light. The corresponding pillar-layered 
structure formed by fumaric acid and 1,4-benzene dicarboxylic acid are also found to 
be photoreactive, confirming that this is a general phenomena in 3D network 
structures. 
 
Chapter 4 presents the synthesis and characterization of 0D, 1D, 2D and 3D 
metal coordination polymeric structures of muco ligand. First section of this chapter 
describes the coordination polymers of muco ligand and second section covers the 




The final Chapter 5 contains the synthesis, X-ray crystallographic studies and 
photodimerization reaction of two novel Au(I)-based macrocycles of diphosphine and 
muco ligands where the C=C bonds of the adjacent muco ligands have been found to 
be aligned  (C=C center-to-center ≤ 4.0 Å) in a parallel fashion. However, only one 
pair of C=C bonds undergo photodimerization of the two present in the ring. UV 
irradiation of the Au(l) complexes led to the formation of the cyclooctadiene dimers 
via Cope rearrangement instead of formation of ladderanes.  
 
 Finally, the thesis ends with an overall conclusion and offers scopes for further 
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A major part of the thesis deals with the synthesis and structural 
characterization of coordination polymers of trans, trans muconate, and encapsulation 
of water clusters and [2+2] cycloaddition reactions in these compounds. Hence this 
chapter is meant to provide a brief coverage of the background literature. It is hoped 
that the results consolidated in the subsequent chapters can be appreciated in the right 
perspective in the backdrop of this literature coverage in this chapter. 
 
1.1  Coordination Polymers 
 The design and synthesis of coordination polymers is an area of crystal 
engineering that is intensely pursued to understand how crystalline materials can be 
engineered. Crystal engineering is the design and synthesis of molecular solid-state 
structures with desired properties, on the basis of an understanding and utilization of 
intermolecular interactions.1 The two main approaches are currently in use for crystal 
engineering to establish reliable connections between molecular and supramolecular 
structures such as hydrogen bonding and coordination complexation. The term 
‘crystal engineering’ was introduced in 1971 by Schmidt with regard to the solid-state 
photodimerization of cinnamic acid. Since the initial use, the term has widened 
significantly to include many other aspects of solid-state supramolecular chemistry.2 
It has been revived in various fields in designing the solids which have the properties 
such as porosity, luminescence, nonlinear optical activity, ferroelectricity and 
piezoelectricity. In 1989 Desiraju provided a useful modern definition of crystal 
engineering as “the understanding of intermolecular interactions in the context of 
crystal packing and the utilization of such understanding in the design of new solids 
with desired physical and chemical properties”.3 Crystal engineering has become an 





scientific journals of high impact factors in this discipline. These include Crystal 
Growth and Design from the American Chemical Society and CrystEngComm from 
the Royal Society of Chemistry.  
 Coordination polymers are the inorganic–organic solid state materials 
containing metal ion centers or metal clusters linked by organic ligands extending in 
an array. The design and synthesis of metal-organic coordination polymers has 
attracted special interest due to their potential applications in gas storage/separation, 
encapsulation/sequestration/sensing of target molecules, ion-exchange, nonlinear 
optics, drug delivery and catalysis.4 Coordination polymers are also known as metal-
organic frameworks (MOFs) as well as porous coordination polymers (PCPs) which 
exhibit permanent porosity.  
 Coordination polymers are infinite systems built up with metal ions and 
organic ligands as basic units linked via coordination bonds and other weak secondary 
forces.5 Coordination bonds provide much stronger and directional interaction than 
secondary interactive forces (i.e. hydrogen bonds or van der waals contacts), both of 
which are commonly used in supramolecular self-assembly.6 
Transition metal ions are widely used to synthesize coordination polymers 
because of their versatile coordination geometry such as linear, trigonal planar, T-
shaped, tetrahedral, square-planar, square-pyramidal, octahedral, trigonal-prism etc. 
While, organic ligands act as the bridging groups between metal ions. By utilizing the 
versatile geometry of transition metal ions (connectors) and varying the length of the 
organic backbone of the ligands (linkers), the variety of new compounds with 







Figure 1.1 Components of coordination polymers (metal centres).4a 
 
Carboxylate derivatives are well known as good bridging ligands in 
coordination chemistry. Because of their diverse coordination modes and bridging 
ability as well as high stability in hydrothermal synthetic condition, the poly-
carboxylates have been widely used in the construction of coordination polymers.4  
 Zaworotko et al, have focused their efforts on angular ligands and have 
demonstrated that the use of benzene-1,3-dicarboxylate (1,3-bdc), in which the two 
carboxylate moieties are rigidly predisposed at 120°, facilitates the self-assembly is 
suitable for the linking of metal clusters termed as secondary building units (SBUs) at 
120° to form 2D infinite metal-organic framework.7 Yaghi and coworkers have 
developed elegant methods to synthesize MOFs using variety of di- and tetra- 





pore shape and size, pore-surface functionalization and framework flexibility are 
currently being developed by Kitagawa et al, for the next generation of PCPs.10  
 Linear dicarboxylate ligands provide wide range of network due to their 
ability to aggregate metal ions and clusters.4 Yaghi et al. reported a stable and highly 
porous MOF built by linking Zn‒O‒C motifs as SBUs with rigid organic linker 1,4-
benzenedicarboxylate (bdc) (Figure 1.2).8a This way a large number of MOFs have 
been synthesized by using variety of SBUs by changing the dicarboxylate linkers. The 
realization that MOFs particularly could be designed and synthesized in a rational 
way from molecular building blocks led to the emergence of a discipline that is 
termed “reticular chemistry”.11  
 
     
Figure 1.2 The formation of MOF by linking ZnO4 tetrahedra with rigid 
dicarboxylate bdc ligands leading to large void space (Left). Perspective view of a 
{100} layer of the MOF shown along the a-axis (Right). 
  
  By increasing the length of the linker changing bdc to sdc (H2sdc = 1,4-
stelbenedicarboxylic acid) MOF of large porosity have been obtained (Figure 1.3).12 
This framework structure is analogous to the so-called IRMOF series, all of which are 





examples of “reticular chemistry”. However, the large cavity size has been reduced by 
double interpenetration as shown in Figure 1.3.  
       
Figure 1.3 The formation of cubic MOF by linking Zn4O(RCO2)6 SBUs connected by 
trans-stilbene linkers (Left). Space filling model of two-fold interpenetration (Right). 
 
 The stability of the coordination polymers can be further increased by 
introducing auxiliary ligands along with dicarboxylate ligands. As for example, both 
pyridine based ligands and dicarboxylates can be used in construction of the 
multidimensional coordination polymers, although it is challenging to control the 
reaction as there could be competition of reaction between the ligands and metal ions 
leading to the formation of more than one compound. If the co-ligand is linear 
pyridine donor, then it can be used as pillar in synthesizing pillar-layered coordination 
polymer where carboxylates form the layer structure.  
 In this aspect, the introduction of longer rigid ligands, such as 1, 3 - butadiene 
derivatives will lead to the formation of interesting structures with different chemical 
and physical properties. Muconic acid could be good example of such conjugated 
dienes. This exists mainly in two isomers those are commercially available and are 
shown in Figure 1.4. Both isomers can act as linear spacers. These linear spacer 





Because of the diene part, these ligands would be good rigid linear spacers for the 
construction of interesting multidimensional coordination polymers. These 
dicarboxylates can be used to make layer in the construction pillar-layered 
coordination polymers with pyridine based pillars. (2) These polymers are expected to 
exhibit interpenetrated or porous compounds depending on the experimental 
conditions. The porous compounds can be tested for gas/solvent storage properties. 
(3) These coordination polymers can trap water molecules in their hydrophilic pockets 
or channels to form water aggregates. The influence of the double bond stacking on 
the structures of water clusters or water chains can be studied. These structures may 
mimic the interactions of the bulk water with the surface of the containers. Such weak 
interactions can be extrapolated to the biological systems where water molecules play 
a vital role in contributing to their conformation, stability, dynamics and function. (4) 
Because of the conjugated diene part, these ligands may also be aligned in solid-state 
using the coordination properties of various metal ions in the MOFs to prepare highly 
crystalline butadiene polymers containing metal ions.  
 
                   
 
Figure 1.4 Two isomers of muconic acid commercially available. 
 
1.2 H2muco Ligand 
 This section provides literature review on the coordination polymers and metal 
macrocycles of H2muco ligand.  





1.2.1 Coordination Polymers of H2muco Ligand 
 Kitagawa et al. have reported the synthesis, crystal structures and magnetic 
properties of muco-bridged coordination polymers, [M(muco)(MeOH)2]n (M= Co(II) 
or Ni(II)).13 They have shown that these compounds formed three-dimensional 
frameworks based on syn–anti-type carboxylate-bridged layers pillared by diene parts 
and showed weak ferromagnetic interaction (Figure 1.5). Also, these compounds 
provide porosity based on the diene pillars between the ferromagnetic layers which 
indicate a new design of magnetic PCPs.  
     
 
 
Figure 1.5 Structures of 1: (a) Bridging structure of muco ligands. (b) Projection of 
the 3-D framework onto the ab plane. 
 
  In addition, Hong and co-workers synthesized a novel 3D chiral framework, 
[Ni(muco)(4,4′-bpy)(H2O)2]n by assembly of Ni(II), H2muco and 4,4′-bpy.14 Here 
achiral ligand 4,4′-bpy induced in a chiral configuration link metal nodes into chiral 
chains, which are further bound into homochiral sheets by rigid muco ligand. Finally, 
a novel 3D chiral framework forms through three-fold slantwise interpenetration of 











Figure 1.6 a) Coordination environment of Ni(II) ion in compound [Ni(muco)(4,4′-
bpy)(H2O)2]n. b) A representation of the modes of inclined interpenetration by 
complementary (4, 4) networks for [Ni(muco)(4,4′-bpy)(H2O)2]n.14 
 
Furthermore, the same group also synthesized two zinc(II) 1D coordination 
polymers, [Zn(muco)(H2O)2]n and [Zn(4,4'-bpy)(H2O)4]⋅(muco) of muco ligand.15 In 
[Zn(4,4'-bpy)(H2O)4]⋅(muco), the muco ligand did not coordinate to metal ion and 
sandwiched by 4,4'-bpy coordinated to Zn(II) centre. Upon using the assembly 
strategy of combining the coordination polymer chains with intermolecular hydrogen 
bonds, 3D frameworks of both the compounds were formed (Figure 1.7 and 1.8).    
     
 
 
Figure 1.7 a) A representation of 1D coordination polymer, [Zn(muco)(H2O)2]n. b) A 









Figure 1.8 A perspective representation of the [Zn(4,4'-bpy)(H2O)4]⋅(muco) 
coordination polymer. 
 
1.2.2 Metal Macrocycles of H2muco Ligand 
 Like other organic di-carboxylate, muco dianion was also used to construct 
metallo‒macrocycles. Stang et al. synthesized neutral, platinum-based macrocycles 
from rigid oxygen donor building blocks via self-assembly.16 Using platinum-based 
60° acceptor and diplatinum molecular clip supramolecular triangle and rectangle 
have been obtained respectively with H2muco ligand (Figure 1.9).  
    
 
Figure 1.9 Pt-based molecular a) triangle and b) rectangle with muco ligand. 
 
This survey shows that this linear dicarboxylate has not been explored extensively in 






1.3 Water Clusters within Organic and Inorganic Hosts 
 This section will briefly review the water aggregates trapped in the crystal 
lattices and provide someback ground knowledge to understand the Chapter 2. In the 
past several decades considerable attention has been focused on theoretical17 and 
experimental18,19 studies of small water aggregates to understand the structures and 
characteristics of liquid water and ice.20-21 Again, water clusters can play an important 
role in the stabilization of supramolecular systems both in solution and in the solid 
state and there is clearly a need for a better understanding of how such water 
aggregations are influenced by the overall structure of their surroundings.22–27 Solid-
state supramolecular systems containing molecular cavities, channels and layers have 
been found to host water molecules. These water molecules can agglomerate via 
hydrogen bonding to form various degrees of water clusters depending on the shape 
and size of the cavities.28 The interactions between the host and guest water molecules 
provide better understanding of the interactions exist in the bulk water with the 
surface of the containers. Such weak interactions can be extrapolated to the biological 
systems where water molecules play a vital role in contributing to their conformation, 
stability, dynamics and function. Moreover, to understand the behavior of water 
molecules at the molecular level, the structural motifs of various water clusters and 
their interactions in diverse environments are required to be elucidated.  
 Infantes et al. observed various patterns of water clusters within the 
Cambridge Structural Database and classified them as discrete rings and chains, 
infinite chains and tapes, and layer structures.28a-b Water clusters with different 
topologies can be obtained via crystal engineering, that is, designing and constructing 
some channels or cavities with different shapes and sizes. Therefore, the structure of 





on water aggregates is very exhaustive. It is not the intention of this section to review 
the literature on this subject. Here some selected representatives of the water 
aggregates including discrete rings, and clusters, infinite 1D chains and tapes, and 2D 
layers found in a variety of crystal and chemical environment have been discussed. 
 Small water clusters are significant as these are the models for understanding 
liquid water and ice. Of these, water dimer is the simplest water aggregate and has 
been the focus of interest of several research groups.29 Das and co-workers reported 
the solid-state structure of a water dimer29a in the “sinuous” channel of an inorganic 
framework material. The O⋅⋅⋅O distance in the (H2O)2 dimer is 2.84 Å and <O−H⋅⋅⋅O 
is 170º. 
 Cyclic water trimer is the smallest ring cluster among the small water 
aggregates. In particular, the water trimer has received considerable attention as it 
establishes a six-membered structure of minimum energy which is chiral. Atwood et 
al. identified a cyclic water trimer30 in a cobalt complex, which provides the evidence 
of cyclic geometry of the water trimer resembled with the isolated clusters established 
in condensed phase environments.  
 On the basis of theoretical calculation many configurations of water tetramer 
can be obtained which have been detected by X-ray crystallography.31 Recently 
Zuhayra et al. reported a well-resolved planar water tetramer in which the water 
molecules are virtually tetrahedrally coordinated in a three-dimensional network 
through hydrogen bonds.31h Each oxygen atom within the nearly planar water tetramer 





                
 
Figure 1.10 Water tetramer in its immediate environment (Left). Planer water 
tetrameric cluster (Right). 
 
 Water pentamer is of particular interest as it appears in large water clusters, 
liquid water, the surfaces of proteins and DNA. In contrast to the frequently observed 
even number of water ring clusters, odd number rings in the solid-state crystal hosts 
are rarely observed. Ma et al. structurally characterized a novel water tape consisting 
of cyclic pentamers (Figure 1.11) which supports the cyclic puckered ring geometry 
of the water pentamer achieved from both experimental and theoretical studies.32   
         
Figure 1.11 Representation of the cyclic water pentamer (Left). Water tape consisting 
cyclic water penramers (Right. 
 
Water hexamer is particularly important among the small water aggregates as 
this cluster can exhibit some of the properties of bulk water. Theoretical calculations 
predict several structures of water hexamers, e.g. ‘cage’, ‘prism’, ‘book’, ‘chair’, 





the ‘book’ and ‘prism’ structures.  The ‘cage’ like structure is found to be most stable 
at very low temperature, while higher energy quasi-planar ‘cyclic’ structures have 
been found in the helium droplet. Crystal hosts may offer favorable environment to 
stabilize higher energy cyclic hexamer. Moorthy and co-workers reported the X-ray 
structural characterization of the high-energy cyclic form of the water hexamer 
(Figure 1.12) which is the basic structural motif of the high-pressure Ice II 
modification, trapped in an organic supramolecular complex.33 The ‘chair’, ‘boat’ and 
‘book’, structures have also been investigated in the crystal lattices by X-ray 
crystallographic experiments.34  
            
Figure 1.12 Planar cyclic discrete water hexamer cluster trapped in an organic crystal 
host matrix. 
  
Octameric water clusters also provide the information of understanding the 
behavior of bulk water.  Water octamers can exhibit cubane, open cubane and cyclic 
ring structures due to different environment of the host matrixes.35-36 Atwood et al. 
characterized an ice-like octameric water cluster in an organic supramolecular 
complex (Figure 1.13).35c An open-cube octameric water cluster has been reported 





    
Figure 1.13 An ice-like, cyclic (H2O)8 cluster in the solid-state structure of an organic 
supramolecular complex. 
 
 Water decamer clusters attracted considerable attention because this structure 
is the smallest unit of naturally occurring Ic-type ice. An ice Ic-like molecular 
arrangement of (H2O)10 cluster37 (Figure 1.14) anchored by two Cu(II) atoms within 




Figure 1.14 Ice Ic-like water decamer anchored by two Cu(II) atoms in a solid-state 
structure.  
 
 Fujita and co-workers characterized an adamantanoid water decamer38 cluster 
within hydrophobic cavity of self-assembled cage because which is termed as 





       
Figure 1.15 X-ray crystal structure of (H2O)10 within the cage (Left). ORTEP drawing 
water (H2O)10 (Right).38 
 
Water clusters of higher nuclearity, such as (H2O)n (n = 12, 14, 16 and 18) 
have also been investigated in solid state complexes and crystal lattices.39 Recently 
Sun et al. reported reversible adsorption of water do-decamer cluster, (H2O)12  (Figure 
1.16) present in the metal-organic nanotube.40 
 
Figure 1.16 (H2O)12 cluster present in the metal-organic nanotube.40 
 
Discrete, high-nuclearity (H2O)n cluster (n > 20) is still a big challenge. In a 
recent communication, (H2O)32 with S6 symmetry (Figure 1.17) has been reported by 
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  2D water sheets and layers are also available.44 These polymeric water 
aggregates have physical properties very closely associated with those of bulk water 
as they structurally lie in between water clusters and bulk water. One such example 
has been reported by Janiak et al.  A 2D layer of water molecules has been stabilized 
in Ni(II) chelate complex.44a The neutron diffraction studies at three different 
temperatures of a nickel(II) complex containing 2D ice layers show stepwise freezing 
of a dynamic layer of pesudoliquid 2D water (Figure 1.19). 
  
Figure 1.19 Two-dimensional infinite ice layers in Ni(II) chelate complex at 20 K. 
 
Despite some success as discussed above, still it remains a challenge to 
construct water clusters artificially by design. It is extremely difficult to predict 
suitable hosts to stabilize unusual topology of water clusters because the structural 
constraints required stabilizing water clusters are not fully understood. However, 
unprecedented topology of water cluster can be obtained only in the precise host 
matrix. The structure of host complex plays a vital role in assembling the water 
molecules to make water clusters. Therefore, it is an urge to the structural chemist to 
investigate suitable host matrix that contains molecular cavities that have affinity to 





1.4 Solid State [2+2] photodimerization 
 Photo reactivity of the metal-muconate complexes and MOFs are discussed in 
Chapters 3 and 5. This section provides some background literature on [2+2] 
cycloaddition reactions in the solid-state to follow theese chapters better. 
 Solid-state photochemical [2+2] cycloaddition reactions in various organic 
compounds and metal complexes have been well studied for the past few decades. 
The study of the relation between the structure and the reactivity of crystal are termed 
“topochemistry”. The topochemical control on photodimerization was introduced by 
Schmidt and his co-workers in 1960’s in connection with the photodimerization 
reactions in crystalline cinnamic acids. Based on the crystallographic and 
photochemical studies of trans-cinnamic acid derivatives, Schmidt deduced the 
photochemical postulate as “the reaction in the solid state occurs with a minimum 
atomic or molecular movement”. This inevitably led to the introduction of specific 
geometric criteria required for such cycloaddition reactions whereby the olefinic 
bonds of the reacting molecules need to be aligned parallel to each other and at 
distances of ≤ 4.2 Å.45 
The geometric criteria of alignment of the C=C bonds is justified by the 
sufficient overlap of the pz orbitals to react. It is well understood in case of 
photochemical studies of cinnamic acid. Cinnamic acid exist in three polymorphic 
crystalline phases, namely α-, β- and γ- forms (Scheme 1.1). In α- and β- Schmidt 
topochemical criteria is fulfilled, whereas in γ- form it is not. The α- form stacks in 
head-to-tail orientation to produce α-truxilic acid on photoreaction, while β- form 
stacks in head-to-head orientation to construct β-truxinic acid. The olefinic C=C 







Scheme 1.1 General geometric requirements for the [2+2] photodimerization 
reactions. 
 
Since the initial report by Schmidt, solid state photochemical [2+2] 
cycloaddition has been extensively studied. However, the parallel orientation of the 
photoreactive C=C bonds satisfying Schmidt’s postulate in the solid-state by design 
still remains elusive. The strength and directionality of the hydrogen bonds have been 
elegantly exploited by MacGillivray and coworkers to orient the double bonds in bpe 
with clip-like templates such as resorcinol and its derivatives in the crystal lattice. 
One good example to illustrate a hydrogen-bond template is the resorcinol molecule.46 
Co-crystallization of the bifunctional hydrogen-bond donor, 1,3-benzenediol or 
resorcinol (res), with the bifunctional hydrogen-bond acceptor bpe resulted in the self-







Figure 1.20 Diagram of 2(res)·2(4,4′-bpe) co-crystal. 
 
 The C=C bonds are aligned parallel and separated by a distance of 3.65Å. This 
arrangement conforms to the criteria of Schmidt for a [2+2] photoreaction in a solid 
and UV irradiation produced the cyclobutane derivative (Figure 1.21).  
                       
Figure 1.21 Diagram of 2(res)·(4,4′-tpcb) cocrystal. 
 
Metal ions can also direct photochemical [2+2] cycloaddition of olefins in the 
solid state by making use of their predictable coordination numbers and geometries.48 
Dinuclear complexes formed by metallophilic interactions and/or bridging ligands can 
be employed to orient olefinic molecules in a suitable geometry for photoreaction. Jin 
and co-workers reported the synthesis of a rhodium tetranuclear molecular rectangle 
with bpe as a spacer ligand.49 The µ-oxalato dinuclear rhodium complexes were used 
as organometallic clip linear templates to direct [2+2] photodimerization of the bpe 
ligands (Figure 1.22). The pair of double bonds was observed to lie parallel to each 
other with a distance of 3.23Å. These geometries are congenial for photodimerization 






Figure 1.22 Schematic representation of the photoreaction of [Cp*4Rh4(µ-bpe)2(µ-η2-
η2-C2O4 )2](OTf)4. 
 
The supramolecular approach to covalent synthesis in the solid state offers a 
promise to synthesize molecules that may be impossible to be realized in the liquid 
phase.50 It is able to circumvent the energetic cost required to align two olefinic 
molecules for photoreaction in the liquid phase.51 Furthermore, solid state reactions 
give a high stereocontrol of reactivity and it eliminates the need to utilize a toxic 
organic solvent during a critical covalent-bond-making process, a signature of most 
organic reactions.52 
 Vittal et al. utilized judicious combinations of the metal ions and bridging 
ligands to align double bonds of bpe in 1D coordination polymers within the distance 
of Schmidt’s distance criteria.53-55 An infinite pair of bpe ligands stacked in parallel 
fashion in an infinite serial fashion has been achieved by using simple zinc 
carboxylate salt which resulted in the desired 1D coordination polymers, 
[{(CH3CO2)(µ-O2CCH3)Zn}2(µ-bpe)2]n and [{(CF3CO2)(µ-O2CCH3)Zn}2(µ-bpe)2]n. 
Though complete photodimerization of the coordination polymer could be achieved in 
[{(CH3CO2)(µ-O2CCH3)Zn}2(µ-bpe)2]n, topochemical photodimerization in an SCSC 
manner was achieved when 50% of the acetate ions were replaced by CF3CO2- ions, 
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photodimerization in the pillar-layered coordination polymer, 
[Mn2(HCO2)3(bpe)2(H2O)2]ClO4⋅H2O⋅bpe,57 where there are two types of bridging 
bpe ligands in which one type the bpe ligands are aligned parallel to the bpe in the 
lattice (Figure 1.25). The hydrogen-bonded bpe in the lattice in this structure provided 
the flexibility needed for photodimerization. 
 
Figure 1.25 The packing diagram of [Mn2(HCO2)3(bpe)2(H2O)2]ClO4⋅H2O⋅bpe, 
showing the hydrogen-bonded bpe aligned with coordinated bpe. 
 
1D coordination polymers with molecular ladder structure with bpe ligand can 
easily be constructed by self-assembly and these structures have shown to provide 
new paradigm for aligning infinite pairs of bpe ligands containing photoreactive C=C 
bonds which show topochemical behavior. Although the C=C bonds in bpe ligands 
were found in parallel arrangements in higher dimensional coordination polymeric 
networks, the solids are mostly photostable probably due to the restricted movements 
of the bridging bpe ligands. Michaelides et al. synthesized two-fold interpenetrated 
3D pillar-layered cubic coordination polymer, [Cd(bpe)(fum)]·H2O where bpe pairs 
are parallel oriented and photoreactive. The compound undergoes 100% 







































































































Figure 1.27 Schematic representation of photoreaction of the complexes (M = Ag, n 
= 1) and (M = Au, n = 2) R = Ph. 
 
Ladderanes are hydrocarbons consisting of two or more fused cyclobutane 
rings that are molecular equivalents of macroscopic ladders. These molecules are of 
fundamental interest to scientists because of their unique structures and electronic 
properties61, and recently, have been identified in biological systems in the form of 
ladderane lipids (Figure 1.28), which are integral components in the microbiological 
conversion of ammonium and nitrite ions to dinitrogen gas.62 In the simplest case, a 







Figure 1.28 Diagram of ladderane lipids with 3 and 5 fused cyclobutane rings.   
 
Despite the apparent simplicity of this intermolecular process, synthesis of 
ladderanes is a challenge in the field of organic synthesis because of the difficulties in 
aligning the olefinic bonds between the reacting molecules in the liquid phase and the 
difficulties of controlling the stereochemistry of the products.63 MacGillivray was the 
one to introduce template-directed solid-state synthesis as an alternative route to 
ladderane synthesis. By making use of the hydrogen-bond donor templates, polyenes 
attached to pyridines can be preorganised into a position for intermolecular 
photoaddition that is favorable for ladderane formation (Figure 1.29).64 The 
remarkable efficiency of this intermolecular process is exemplified by the fact that the 
polyenes are converted to the ladderanes stereospecifically and in 100% yield. 
 







1.5 Aim and Scope of the Dissertation  
 The research work presented in this thesis explores the synthesis and structural 
studies of Cu(II), Co(II) and Zn(II) metal coordination polymers as well as Au(I) 
metal-macrocycles of muconate anions. The PhD dissertation study focuses on (i) 
synthesizing coordination polymers of interesting topologies, (ii) investigation of 
water clusters hosted by coordination polymers and (iii) aligning the olefinic C=C 
bonds for photochemical [2+2] cycloaddition reaction in the solid-state. In this thesis 
work, muco2- anion will be employed as longer rigid ligand that is expected to the 
formation of interesting structures with different chemical and physical properties. 
The muco2- would be a good linear spacer for the construction of interesting 
multidimensional coordination polymers. These polymers are expected to exhibit 
interpenetrated or porous compounds depending on the experimental conditions. The 
porous compounds can be tested for gas/liquid storage properties.  
The coordination polymers built from this ligand can trap water molecules in 
their hydrophilic pockets or channels to form water aggregates. The influence of the 
double bond stacking on the structures of water clusters or water chains can be 
studied. Further, the water clusters in confined areas can be good models which 
mimic the interactions of the bulk water or ice with the containers.  
Solid-state photodimerization of olefinic C=C bonds have been extensively 
studied. Muconate anion will be used as clipping ligand to align bpe in the 
coordination polymers for photochemical [2+2] cycloaddition reaction. Again, solid-
state polymerization of 1, 3-butadiene derivatives has been exclusively studied.65 
Because of having conjugated diene part, H2muco itself can also be aligned in solid-





polymers as well metal-macrocycles to prepare highly crystalline butadiene polymers 
or ladderanes. 
The rest of the thesis is divided into 4 chapters. The next chapter deals with 
the investigation of water heptameric clusters of different morphologies within Cu(II) 
coordination polymers. Influence of temperature anions and auxiliary ligands on the 
structural alteration of water clusters via SCSC transformation have also been 
explored. Photochemically induced SCSC structural transformations of various 
interpenetrated 3D pillar-layered Zn(II) coordination polymers are discussed in the 
third chapter. The fourth chapter presents the synthesis and characterization of 0D, 
1D, 2D and 3D metal coordination polymeric structures of cis- and trans-muco 
ligand.  The final chapter discusses the photodimerization of conjugated C=C bonds 
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Preface to Chapter 2 
 
 The solid-state supramolecular systems containing molecular cavities, 
channels and layers have been found to host water molecules. These water molecules 
can agglomerate via hydrogen bonding to form various degrees of water clusters 
depending on the shape and size of the cavities. Conversely, the presence of water 
molecules in the crystal structure can play an important role in stabilizing the 
coordination polymers and unusual supramolecular species. This chapter deals with 
the characterization of water clusters of different morphologies within Cu(II) 
coordination polymers and divided into three sections. Section 1 deals with the 
characterization of discrete water heptamer trapped in the coordination polymer 
prepared from Cu(BF4)2, H2muco and phen. Section 2 discusses the influence of anion 
in the structural transformation of water heptamer in the crystal host by changing 
anion from BF4¯ to ClO4¯.  The encapsulation of water helicate by changing the 
structure of the backbone of the coordination polymer from phen to a bpy ligand is 
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Water is the most abundant compound on the earth and also essential for 
living beings. It plays an important role in many biological and chemical systems and 
also exhibits a fascinating array of unusual physical and chemical properties in pure 
form and as a solvent. Theoretical and experimental studies on the structural and 
dynamical properties of isolated water clusters, chains, sheets, etc. in vapor, water and 
ice have been carried out to get further insight into the structure of bulk water which 
is poorly understood.1 The presence of water molecules in the solid state structures 
can play an important role in stabilizing some supramolecular structures.2 On the 
contrary, such supramolecular environment can also stabilize unusual morphologies 
of water which may not be at the global energy minimum expected from theoretical 
calculations. Hence, the predictability and rational design of water morphologies still 
remains a challenge. A number of discrete water clusters, namely, tetrameric, 
pentameric, hexameric, octameric, decameric, dodecameric, tetradecameric, 
hexadecameric, and octadecameric clusters have been structurally characterized in a 
variety of inorganic and organic crystal hosts.3-5 Of these the odd numbered cyclic 
water heptamer seems to be unknown in protonated water among the several forms.6 
A number of discrete water clusters have been found in liquid helium but not cyclic 
heptamer.7 In the case of hydrated electrons, cyclic - e-(H2O)7 has not been reported 
except for linear conformers.8 The electron-water heptamer is one of the “magic” 
numbers in the mass spectra of electron-water clusters.8b Based on the infrared OH 
stretching vibrations in molecular beam depletion spectroscopy, Buck and coworkers 
proposed to have detected only caged heptamer.9 Theoretical calculations were 
performed on all the possible water heptamer structures.10,11 In the discrete water 





section, we describe the structure of cyclic water heptamer in the crystal structure of 
[Cu3(phen)3(muco)2(H2O)2](BF4)2·5H2O, 1 at 296 K. When the single crystal is 
cooled from room temperatre to 223 K, it undergoes phase transition from monoclinic 
C2/c to P21/c accompanied by structural transformation of cyclic to bicyclic water 
heptamer made up of edge sharing pentamer and tetramer rings. This study confirms 
the previous theoretical predictions on the existence of water heptamers.  
 
2.1.2 Results and Discussion 
2.1.2.1 Synthesis 
 The trinuclear Cu(II) complex, [Cu3(phen)3(muco)2(H2O)2](BF4)2·5H2O, 1 
was synthesized by refluxing Cu(BF4)2·3H2O with Na2muco and phen in a mixture of 
H2O and MeOH. On slowly evaporating the solution at room temperature, blue 
distorted octahedral shaped crystals of 1 were obtained. 
2.1.2.2 Description of crystal structure  
[Cu3(phen)3(muco)2(H2O)2](BF4)2·5H2O, 1  
 X-ray crystallographic experiments at 296 K revealed that 1 belongs to 
monoclinic space group C2/c with Z = 4. There are two independent Cu(II) atoms 
present in the asymmetric unit in which Cu1 has square pyramidal geometry and Cu2 
has square planar geometry as shown in Figure 2.1a. The asymmetric unit further 
contains three lattice water molecules and a BF4¯ anion. A phen ligand and two 
oxygen atoms from two different muco anions occupy the equatorial positions and an 
aqueous ligand is placed at the apical position. A phen ligand and two oxygen atoms 
from two different muco2- anions are bonded to Cu2 to form a plane. A carboxylate 
group bridges Cu1 and Cu2 through O3 and O4 respectively. There is a 





atoms attached to it. The connectivity of these four carboxylate groups from four 
muconate ligands from the repeating unit [Cu3(phen)3(muco)2(H2O)2] (as shown in 
Figure 2.1b) decides  the topology of this three dimensional coordination polymer.  
 
    
 
 
Figure 2.1 a) A perspective view of the structure of 1 showing the coordination 
geometry around Cu1 and Cu2. The H atoms attached to phen ligand and BF4¯ anions 
are not shown for clarity. The atoms with extension ‘a’ are related by symmetry 
operation -x+1, y, -z+1/2. b) A view of the selected atoms showing the orientations of 
the four carboxylate ligands in the repeating unit in 1. 
 
The connectivity of muconate ligands in the 3D coordination polymeric 
network structure has diamond topology as shown in Figure 2.2a. This diamondoid 
connectivity is ubiquitous in supramolecular chemistry.12 When viewed down the 
crystal structure from c-axis, the channel is found to be filled with lattice water 
molecules, BF4¯ anions and phen ligands bonded to the copper atoms. A perspective 
view of the packing showing the presence of lattice water molecules and anions is 






        
 
 
Figure 2.2 a) The connectivity of muconate ligands to the copper atoms showing 
single adamantine-like topology. Only selected atoms are shown for clarity. b) The 
packing of lattice water molecules and BF4¯ anions in the channel along c-axis. The 
phen ligands, C-H hydrogen atoms and disordered F atoms are not shown for clarity. 
 
A closer look at the connectivity of coordinated and lattice waters reveals the 
presence of discrete cyclic water heptamer, (H2O)7 as shown in Figure 2.3. There is a 
two-fold crystallographic symmetry also passing through this heptamer through O1S 
and the centre of O2S and O2S (-x+1, y, -z+1/2). As a result the hydrogen atoms of 
O2S are disordered. The aqua ligands bonded to Cu1 are also involved in this 
structure. The overall (H2O)7 cluster can be represented by R55(14) in the graph set 
notation,13 and R7 in water cluster notation.2 The hydrogen bonded O···O distances in 
the heptamer span the range 2.768(4)−2.886(4) Å which may be comparable to 
2.758Å obtained from the ab initio calculations.10a The heptamer has twisted planar 
structure. The O1S···O2S distance, 3.428(4) Å clearly indicates that it is monocyclic 
ring. The OH···O distances vary from 1.84 Å (for H2SC···O3S) to 2.26 Å (for 
H2SB···O3S) and the strength of these hydrogen bonds may be considered as 
medium.14 The hydrogen atoms of the O2S are hydrogen bonded to the highly 
disordered BF4¯ anions. However, the compound decomposes once the water 
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Hartree-Fock calculations.11 The structures of the two forms in two different 
temperatures indeed confirm these theoretical predications. 
 
2.1.3 Physicochemical Studies 
2.1.3.1 IR spectra 
  The X-ray crystal structure, 1 contains both aqua ligands and lattice water 
molecules and the IR absorption band observed at 3446 cm-1 suggests the presence of 
ν(OH) of H2O molecule which has been further supported by the weight loss observed 
in TG analysis. The asymmetric νas(COO-) and symmetric νs(COO-) stretching 
vibrations of  carboxylate in the free H2muco ligand have been observed at 1681 and 
1418 cm-1 respectively which have been shifted to 1610 and 1335 cm-1 respectively in 
the compound indicating the complexation. 
2.1.3.2 Thermogravimetric analysis (TGA)  
     The TGA of 1 reveals that the weight loss occurs in the temperature range 45-
102 °C as shown in the Figure 2.5. The total weight loss observed (8.7%) fairly agrees 
with the calculated value (9.6%) for the loss of seven water molecules. 
  
Figure 2.5 TGA curve of 1 showing the loss of all the water molecules below 110ºC. 





















2.1.3.3 Differential scanning calometric (DSC) studies 
  DSC cooling curve shows that the transition takes place in the temperature 
range 290 – 270 K exhibiting exotherms as shown in Figure 2.6. But when the sample 
was heated back to 300 K, there was no endotherm observed. But if we keep the 
sample for few hours and cool it again, we can see the exotherm again but immediate 
heating cycle did not reveal endotherm as before. So we infer that the phase transition 
is reversible but sluggish. 
  
 Figure 2.6 DSC curve of 1. 
 
 2.1.3.4 Variable temperature (VT)-single crystal X-ray studies 
   VT-single crystal studies have been done to check reversible SCSC 
transformation. The low temperature phase persists when the sample was cooled from 
243 K to 173 K. The X-ray facility at NUS cannot record the temperature from 243 K 
to room temperature, but the crystal shows high temperature phase at 296 K. When 
the crystal is rapidly cooled, it still has high temperature phase at 243 K but changes 
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 2.1.4 Summary 
 In summary, an elusive cyclic water heptamer has been trapped in the 
channels of a 3D coordination polymeric network, which provides confined space for 
the water cluster to self-assemble along with anions.  This cyclic heptamer has twisted 
non-planar conformation with crystallographic two-fold symmetry. Interestingly this 
cyclic (H2O)7 undergoes structural transformation to another bicyclic water heptamer 
composed of edge fused pentamer and tetramer rings accompanied by the phase 
transition from monoclinic form I to form II. The removal of crystallographic 
symmetry in the 3D network structure as well as in the discrete water cluster appears 
to the responsible for the water cluster transformation. The extrapolation of the water 
structures reported here to gas-phase water clusters may be difficult. However, this 
study would certainly provide new insights into the properties and behaviour of bulk 
water where the water molecules interact with the surface of the containers through 
weak interactions. Such weak interactions have been mimicked in this host matrix 
successfully to obtain hitherto unknown water clusters. 
 
2.1.5 Experimental 
2.1.5.1 Synthesis of the complex 
[Cu3(phen)3(muco)2(H2O)2](BF4)2·5H2O, 1 
 Cu(BF4)2·3H2O (0.145 g, 0.5 mmol), H2muco (0.072 g, 0.5 mmol), NaOH 
(0.040 g, 1.0 mmol) and phen (0.099 g, 0.5 mmol) in 10 ml  of 50% aqueous MeOH 
were refluxed for 15 min. The filtered solution was slowly evaporated at room 
temperature to get blue distorted octahedral shaped crystals after a day. The crystals 





analysis (%) calcd for C48H36B2Cu3F8N6O10 (dried): C 47.21, H 2.97, N 6.88; found: 
C 47.37, H 2.94, N 7.34. 
2.1.5.2 X-ray Crytallography 
 The details of crystal data and refinement parameters for 1 are given in the 
table 2.1. Most of the hydrogen atoms of the water molecules were located in the 
difference Fourier map except the crystallographically disordered hydrogens. 
However, the distances and angles were constrained by the option DFIX.             
 
Table 2.1 Crystallographic data and structure refinement details of 1 
 
Formula C48H46B2Cu3F8N6O15 (I) C48H46B2Cu3F8N6O15(II) 
Fw 1311.15 1311.15 
cryst syst Monoclinic Monoclinic 
space group C2/c P21/c 
a (Å) 19.0949(9) 13.3330(7) 
b (Å) 22.7667(11) 22.7104(12) 
c (Å) 13.3952(7) 18.4681(10) 
β (deg) 113.1850(10) 109.127(2) 
V (Å3) 5352.97 5283.39 
T (K) 296 223 
Z 4 4 
Dcalcd (g/cm3) 1.627 1.648 
μ (mm-1) 1.282 1.298 
λ (Å) 0.71073 0.71073 
data [I > 2σ(I)]/params 4717/399 9294/811 
GOF on F2 1.040 1.018 
final R indices [I > 2σ(I)]a,b R1 = 0.0481 R1 = 0.0455 
 wR2 = 0.1298 wR2 = 0.1036, 
final R indices (all data) a,b R1 = 0.0607 R1 = 0.0752 
 wR2 = 0.1388 wR2 = 0.1164 





Table 2.2 Hydrogen bond parameters for water heptamer of 1 at 296 K 
D-H d(D-H) d(H..A) <DHA d(D..A) A Symmetry 
O5-H5A 0.90 1.92 156 2.768(4) O1S  
O5-H5B 0.90 2.12 119 2.681 O2  
O1S-H1SA 0.90      
O2S-H2SA 0.90 2.07 149 2.885 O2S [-x+1, y, -z+1/2] 
O2S-H2SB 0.90 2.26 120 2.814 O3S  
O2S-H2SC 0.90 1.84 151 2.658 F3A [x, -y+1, z-1/2] 
O2S-H2SC 0.90 1.96 160 2.823 F2 [x, -y+1, z-1/2] 
O3S-H3SA 0.90 2.24 121 2.814 O2S  
O3S-H3SB 0.90 1.92 164 2.798 O5  


















Table 2.3 Hydrogen bond parameters for water heptamer of 1 at 223 K 
D-H            d(D-H)  d(H..A)  <DHA  d(D..A)    A Symmetry 
O9-H9A         0.84     1.98(2)   156(5) 2.768(4)    5S  
O9-H9B         0.84     2.06    129     2.676     O4  
O10-H10A     0.849     1.94(1)   172(4) 2.777(5)    O4S  
O10-H10B     0.84     1.92(1)   174(3) 2.760(4)    O1S  
O1S-H1SA    0.84     2.26(3)   147(5) 2.997(6)    O2S  
O1S-H1SB    0.84    1.95(2)   164(7) 2.760(4)    O9 [x-1, y, z] 
O2S-H2SA    0.85     2.04(1)   166(6) 2.874(6)   O3S  
O2S-H2SB    0.85     2.02    162 2.845     F2 [-x, y-1/2, -z+3/2] 
O3S-H3SA    0.85     1.96    130   2.588     F6B [-x, -y, -z+1] 
O3S-H3SA    0.85     2.13    144   2.858     F5 [-x, -y, -z+1] 
O3S-H3SA    0.85     2.28    146 3.021     F6A [-x, -y, -z+1] 
O3S-H3SB    0.84      
O4S-H4SA    0.85 1.94(1)   174(6) 2.785(5)    O3S  
O4S-H4SB    0.85     2.01    165 2.833     F4 [x, -y+1/2, z-1/2] 
O5S-H5SA    0.85     2.08(2)   154(5)    2.865(5)    O2S [x+1, y, z] 
O5S-H5SB    0.84     1.84    173 2.681     F8B  
O5S-H5SB    0.84     1.97    168 2.802     F6  
O5S-H5SB   0.84     2.00    158 2.803     F8A  










Influence of Anions on Structural 





























Water clusters play an important role in the stabilization of supramolecular 
systems both in solution and in the solid state and there is clearly a need for a better 
understanding of how such water aggregations are influenced by the overall structure 
of their surroundings.16–21 Coordination polymeric structures with suitable organic 
ligands can provide void spaces where discrete water clusters can exist. Metal ions in 
such structures can also act as glues in holding the water clusters. Interactions 
between the water aggregates and the surroundings often play key role in stabilizing 
the unusual water clusters in the crystal lattice. In the previous section, we discussed a 
reversible structural transformation between cyclic water heptamer and bicyclic 
(H2O)7 cluster inside a 3D coordination polymer, and it has been found that the water 
cluster was sustained by additional weak interactions with BF4¯ anions in the 
channels. Since BF4¯ and ClO4¯ anions have similar size and shape, changing the 
BF4¯ anions to ClO4¯ anion will provide a rare opportunity to study the influence of 
anions on the structure of water cluster and structural transformation, if any. In this 
section, we report SCSC transformation of a discrete water heptamer to a new (H2O)7 
cluster containing a cyclic pentamer accompanying phase transformation of 
[Cu3(phen)3(muco)2 (H2O)2](ClO4)2·5H2O, 2.  
 
2.2.2 Results and Discussion 
2.2.2.1 Synthesis 
 The trinuclear Cu(II) complex, [Cu3(phen)3(muco)2(H2O)2](ClO4)2·5H2O, 2  
was synthesized by refluxing Cu(ClO4)2·6H2O with Na2muco and phen in a mixture 





distorted octahedral shaped crystals of 1 were obtained. The blue single crystals were 
separated by hand picking from the colorless crystals of muconic acid. 
2.2.2.2 Description of crystal structure  
[Cu3(phen)3(muco)2(H2O)2](ClO4)2·5H2O, 2  
 X-ray crystallographic experiments at 296K revealed that 2 is isomorphous 
and isostructural to 1 at room temperature and crystallized in the monoclinic space 
group C2/c with Z = 4. The connectivity between muconate anion and Cu(II) atoms 
resembles diamondoid topology. The channels formed along the c-axis are occupied 
by the coordinated water, lattice water molecules and ClO4¯ ions. The presence of 





Figure 2.7 Perspective views showing the interactions between the water clusters and 
anions in 2 (a) and 1 (b). The crystallographically disordered hydrogen atoms are not 








 Although both 1 and 2 form cyclic water heptamer, there are differences in the 
way the hydrogen atoms are involved in the formation of cyclic heptamer especially 
O3S and O5. Both hydrogen atoms of O5 are involved in the ring formation while 
only one of the hydrogen atoms of O3S is in the connectivity of the heptamer in 2 and 
vice-versa in 1. 
 The interactions between the water rings with the anions of the two complexes 
at room temperature (296 K) are shown in Figure 2.7a and 2.7b. In 2, there is a 
hydrogen bond between O3S and oxygen atom of neighbouring ClO4¯ ion which is 
absent in 1 because of unfavourable orientation of hydrogen atoms attached to O3S.  
On cooling to 223 K, the data crystal undergoes phase transition from C2/c to 
P21/c and the crystallographic two-fold symmetry in the water heptamer is removed. 
The connectivity of the 3D coordination polymer is preserved while the cyclic water 
heptamer is changed to a new (H2O)7 cluster containing cyclic pentamer as shown in 
Figure 2.8. The O2S···O5S distance, 3.107(8) Å indicates non-bonding2,22 and the 
structure of the low temperature water cluster is different from that observed in 1 
where the O2S···O5S distance is 2.865(5) Å. At room temperature, ClO4¯ ion forms 
O-H···O hydrogen bond with both O2S and neighbouring O3S. When cooled the 
distance between O1S and O2S is shortened from 3.510(2) Å to 2.850(5) Å which is 
more than the shortening observed in 1, resulting in the cleavage of hydrogen bond 
between O2S and O3S. In 2 O1S····O2S distance shortens from 3.428(4) Å to 
2.997(6) Å. At room temperature, BF4¯ ion forms hydrogen bond only to O2S due to 
preferential orientation of hydrogens and the neighbouring O3Sa (is not able to form 
hydrogen bond to BF4¯ ion but is present at lower temperature. As a result, the 
distance between O1S and O2S increases and a new hydrogen-bond is formed 





allows the water cluster to adjust its geometry in response to the change demanded by 
the surrounding environment. Again the differences between the O1S····O2S 
distances (O1S····O2S 3.510(6) Å in 2, 3.428(4) Å in 1) appear to dictate the 
differences in the low temperature structures of the water cluster when cooling the 





Figure 2.8 Perspective views showing the interactions of the cyclic water heptamers 
with anions in low temperature phase in (a) 2 and (b) 1. The atoms with superscript 
‘a’ are related by x-1, y, z symmetry. 
 
During the phase transition from C2/c (high temperature form) to P21/c (low 
temperature form) a- and c-axes interchanged and the channels where the water 







is now along a-axis in the low temperature form. The phase transition between the 
two monoclinc phases is reversible as confirmed by single crystal X-ray data and cell 
parameters, and hence the conversion of cyclic heptamer to a new (H2O)7 cluster 
containing cyclic pentamer as shown in Figure 2.9. However, the DSC tracing shows 
that the conversion is sluggish, although reversible similar to the previous heptamer. 
 
Figure 2.9 A schematic diagram showing the interconversion between the water 
clusters.  
 
2.2.3 Physicochemical Studies 
2.2.3.1 IR spectra 
  The X-ray crystal structure, 2 contains both aqua ligands and lattice water 
molecules and the IR absorption band observed at 3447 cm-1 suggests the presence of 
ν(OH) of H2O molecule which has been further supported by the weight loss observed 
in TG analysis. The asymmetric νas(COO-) and symmetric νs(COO-) stretching 
vibrations of  carboxylate in the free trans-muconic acid ligand have been observed at 
1681 and 1418 cm-1 respectively which have been shifted to 1616 and 1380 cm-1 
respectively in the compound indicating the complexation. 
2.2.3.2 Thermogravimetric analysis 
     The TGA of 2 reveals that the weight loss occurs in the temperature range 46-
100°C as shown in the Figure 2.10. The total weight loss observed (9.7%) agrees with 






  2.10 TGA curve of 2 showing the loss of all the water molecules below 110ºC. 
 
2.2.3.3 Differential scanning calometric studies 
  DSC cooling curve shows that the transition takes place in the temperature 
range 290 – 270 K exhibiting exotherms. But when the sample was heated back to 
300 K, no endotherm was observed. After few hours of cooling, we can see the 
exotherm again but heating back to 300 K did not reveal endotherm as before. So the 
phase transition is reversible but sluggish as shown in Figure 2.11. 


















 Figure 2.11 DSC curve of 2. 
 
2.2.4 Summary 
In summary, we have investigated the influence of anions on the structural 
transformation of cyclic water heptamer. Although BF4¯ and ClO4¯ ions have similar 
size, shape and hydrophilicity,23 subtle changes impinged on the room temperature 
structure of water cluster resulted in two new monocyclic water heptamer with 
slightly different hydrogen bonded connectivity. Hence the water heptamer with a 
cyclic pentamer buttressed by a dimer in the low temperature form of ClO4¯ salt is 
completely different from the bicyclic (H2O)7 cluster in BF4¯ salt. Although a large 
number of water aggregrates have been characterized in the crystalline solids,2-5 the 
influences of ions, temperature and phase transition on the structural transformation of 
water clusters have rarely been investigated.15 The SCSC transformation between the 
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2.1.4.1 Synthesis of the complex 
[Cu3(phen)3(muco)2(H2O)2](ClO4)2·5H2O, 2 
 Cu(ClO4)2·6H2O (0.185 g, 0.5 mmol), H2muco (0.072 g, 0.5 mmol), NaOH 
(0.040 g, 1.0 mmol) and phen (0.099 g, 0.5 mmol) in 10 ml  of 50% aqueous MeOH 
were refluxed for 60 min. The filtered solution was slowly evaporated at room 
temperature to get blue distorted octahedral shaped crystals after a day along with 
colorless muconic acid crystals. The hand-picked blue crystals were washed with 50% 
aqueous MeOH and dried. Yield: 0.111 g, 50%. Elemental analysis (%) calcd for 
C48H46Cl2Cu3N6O23: C 43.14, H 3.47, N 6.29; found: C 43.58, H 3.60, N 6.23. 
2.1.4.2 X-ray Crytallography 
 The details of crystal data and refinement parameters for 2 are given in the 
table 2.4. Almost all the hydrogen atoms of the water molecules were located in 
Fourier difference. However, the distances and angles were constrained by the option 
DFIX.  It may be noted that the hydrogen bonded positions are different from that 
found in BF4- salt and the hydrogen atoms positions did not refine well when they 















Table 2.4 Crystallographic data and structure refinement details of 2 
 
Formula C48H46Cl2Cu3N6O23 (I) C48H46Cl2Cu3N6O23 (II) 
Fw 1336.43 1336.43 
cryst syst Monoclinic Monoclinic 
space group C2/c P21/c 
a (Å) 19.100(2) 13.2831(5) 
b (Å) 22.876(2) 22.7439(9) 
c (Å) 13.388(1) 18.6354(7) 
β (deg) 112.928(2) 109.050(1) 
V (Å3) 5387.3(8) 5321.6(4) 
T (K) 296 223 
Z 4 4 
Dcalcd (g/cm3) 1.648 1.668 
μ (mm-1) 1.362 1.379 
λ (Å) 0.71073 0.71073 
data [I > 2σ(I)]/params 4743/398 9365/814 
GOF on F2 1.067 1.089 
final R indices [I > 2σ(I)]a,b R1 = 0.0608 R1 =  0.0509 
 wR2 = 0.1459 wR2 = 0.1103, 
final R indices (all data) a,b R1 = 0.0805 R1 = 0.0734 
 wR2 = 0.1565 wR2 = 0.1190 













Table 2.5 Hydrogen bond parameters for water heptamer of 2 at 296 K. 
D-H           d(D-H)  d(H..A) <DHA    d(D..A)    A Symmetry 
O5-H5A         0.85     1.98(2) 158(6) 2.787(9) O3S  
O5-H5B         0.85     2.00(3) 152(6) 2.782(6) O1S  
O1S-H1SA    0.85      
O2S-H2SA    0.85     2.14(5) 147(6) 2.899(6)     O2S [-x+1, y, -z+1/2] 
O2S-H2SB    0.85      
O2S-H2SC    0.85 1.75(5)       164(6) 2.579(6)     O6 [ x, -y+1, z-1/2] 
O2S-H2SC    0.85 2.26(5)       164(6) 3.083(6)     O6A   [x, -y+1, z-1/2] 
O2S-H2SC    0.85     2.35(5)       144(6) 3.081(6)     O7B [x, -y+1, z-1/ ] 
O3S-H3SA    0.85 2.12(4) 142(6) 2.839(2) O2S  
O3S-H3SB    0.85    1.85(5)       173(6) 2.698(6)     O6B  
O3S-H3SB    0.85     2.07(5)       168(6)   2.913(6)     O9A  














Table 2.6 Hydrogen bond parameters for water heptamer of 2 at 223 K 
D-H d(D-H) d(H..A) <DHA d(D..A) A Symmetry 
O9-H9A 0.85 1.96(2) 160 2.777(4) O1S [x+1, y, z] 
O9-H9B 0.85 2.07(3) 130(3) 2.689(4) O4  
O10-H10A 0.85 2.02(2) 134(3) 2.678(4) O8  
O10-H10B 0.85 1.95(1) 173(5) 2.789(5) O4S  
O1S-H1SA 0.85 1.92(1) 176(7) 2.771(4) O10  
O1S-H1SB 0.85 2.02(2) 164(6) 2.850(6) O2S  
O2S-H2SA 0.85 1.99(2) 165(6) 2.830(8) O3S  
O2S-H2SB 0.85 2.08(1) 175(8) 2.924(6) O12 [-x, y-1/2, -z+3/2] 
O3S-H3SA 0.85      
O3S-H3SA 0.85 1.95(2) 147(2) 2.705(9) O15B [-x, -y, -z+1] 
O3S-H3SB 0.85 2.18(1) 154(2) 2.969(2) O15 [-x, -y, -z+1] 
O3S-H3SB 0.85 2.57(2) 158(2) 3.370(9) O16A [-x, -y, -z+1] 
O4S-H4SA 0.85 2.14(2) 163(8) 2.961(6) O14 [x, -y+1/2, z-1/2] 
O4S-H4SB 0.85 1.93(1) 173(8) 2.775(5) O3S  
O5S-H5SA 0.85 1.95(3) 155(8) 2.750(5) O9 [x-1, y, z] 
O5S-H5SB 0.85 1.99(4) 147(7) 2.741(5) O17A [x-1, y, z] 
O5S-H5SB 0.85 2.01(4) 153(7) 2.792(1) O16 [x-1, y, z] 
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A variety of water aggregates including discrete rings, and clusters, infinite 
one-dimensional (1D) chains and tapes, and two-dimensional (2D) layers have been 
illustrated in the literature.24,25 Of these 1D water chains have generated a great deal 
of interest due to their crucial role in the biological transport of water, protons, and 
ions.26 The infinite chains of 1D hydrogen-bonded water assemblies can assume 
several conformations including linear, zigzag and helices. Among these infinite 
arrays of water molecules with helical conformation has attracted attention.27 
However, finite or discrete 1D chains with helical conformation (helicates), on the 
other hand, appear to be not known although acyclic oligomeric water aggregates 
(H2O)n (n = 4–9) have been found in the crystal structures.2 In the case of (H2O)7 
aggregate, only cyclic structures are energetically favoured over their acyclic 
counterparts may be due to the possibility of forming of maximum number hydrogen 
bonds contained by the aggregate.24d Although a few linear heptamer chains have 
been trapped in the crystal host, but none of them have helical conformation.28  
A practical approach to trap the water clusters of new topology or 
architectures is to design coordination polymers with well-defined open channels or 
cavities that are capable of accommodating water molecules by judicious choice of 
ligands and SBUs interlinking of bridging ligands. In the previous section we 
discussed about cyclic water heptamer found to be trapped in the coordination 
polymer. When the co-ligand is changed from 1,10-phenanthroline (phen) to 2,2'-
bipyridyl (bpy), we are able to isolate a water helicate (H2O)7 hosted by 
[Cu3(bpy)3(muco)2(H2O)2](ClO4)2·5.5H2O, 3. This water helicate represents another 





structure of water clusters. The details of our investigations are described in this 
section.  
 
2.3.2 Results and Discussion 
2.3.2.1 Synthesis 
 Compound [Cu3(bpy)3(muco)2(H2O)2](ClO4)2·5H2O, 3 (bpy = 2,2'-bipyridyl) 
was synthesized by refluxing Cu(ClO4)2·3H2O with Na2muco and bpy in a mixture of 
H2O and MeOH. On slowly evaporating the solution at room temperature, blue 
distorted octahedral shaped crystals of 3 were obtained. 
2.3.2.2 Description of crystal structure  
[Cu3(bpy)3(muco)2(H2O)2](ClO4)2·5.5H2O, 3  
Compound 3 was synthesized by refluxing Cu(ClO4)2·6H2O with Na2muco 
and bpy in a mixture of H2O and MeOH. On slowly evaporating the solution at room 
temperature, blue distorted octahedral shaped crystals of 3 were obtained. X-Ray 
crystallographic experiments at 223 K revealed that 3 possesses the same 3D 
coordination polymeric structure as discussed in Sections 1 & 2 and has the same 







Figure 2.12 Heptameric water helicate inside the channel of the coordination polymer 
3 which is viewed along c-axis. Only one layer is shown for clarity. 
 
Cell data and intensity data collections below 223 K or at 296 K show that 
there is no phase transformation as observed in the previous crystals. Packing of 3 
reveals that all the channels are aligned parallel along the c-axis and filled with the 
coordinated water, lattice-water molecules, and ClO4¯ ions (Figure 2.12). 
Interestingly, coordinated and lattice water molecules assemble inside the channel via 
hydrogen boding to form discrete acyclic water heptamer, (H2O)7, with helical 
conformation (Figure 2.13). Since aqua ligands constitute the water helicate, the 
Cu(II) atoms act as ‘glue’ to hold the water oligomer. Although the channel is 
infinitely running along c-axis, the ClO4¯ ions occupy the space in between the 
discrete heptamer chain thus intercepting the formation of infinite water chain or tape 
in the channel. It may be noted that for the space group C2/c both hands of the 







Figure 2.13 Interactions of water helicate with neighbouring C=O groups of 
muconate ligand and ClO4¯ ions (left) and Hydrogen-bonded heptameric water 
helicate in the channel (right). 
 
 Theoretical studies on cyclic water heptamers have been extensively carried 
out by HF as well as DFT calculations which predict a number of cyclic structures.10 
According to the studies, the discrete monocyclic planar structure is the most stable at 
room temperature followed by a bicyclic one which is stable only at low 
temperature.11 Our previous results supported these theoretical calculations.22 Similar 
theoretical studies on linear chain water heptamer, on the other hand, have not been 
done, although infrared spectroscopy has been used for the evidence of negatively 
charged or neutral linear water heptamer.29 The cyclic structures have energetically 
favoured orientations over acyclic ones possibly due to more number of hydrogen 
bonds within the ring. Therefore, the formation of linear water chain in the gas phase 
may not be energetically feasible. The crystal host with tailor-fit shape and size of the 
channel may offer a congenial environment for the linear water helicate to exist. In 3, 
the shape of the channel appears to dictate the water molecules to take up the helical 
conformation. 
 In the corresponding coordination polymers containing phen as co-ligand, 2, 





sandwiched in between phen molecules (Figure 2.14a). The bulky phen molecules 
confined the water molecules to have cyclic structure. But in 3, the channel becomes 
relatively wider due to the absence of extra ring in bpy co-ligand. As a result, cyclic 
water heptamer has more space to form acyclic aggregate. The terminal O2W atoms 
in the water aggregate is hydrogen bonded to the neighbouring O4 atoms of muconate 
ligands leading to the formation of water helicate (Figure 2.15b). There is a 
crystallographic two-fold rotation axis passing through O1W of the water helicate. 
Both the hydrogen atoms of O1W are involved in hydrogen bonding to O5. O5 
donates hydrogen to O3W which in turns donates to O2W. Further, O2W donates 
hydrogen to the neighbouring O4 of the muconate ligand inside the channel. Again 
O3W and O2W both are hydrogen bonded to ClO4¯ ions.   
The influence of the extra ring in the phen ligand in the formation of cyclic 
ring in 2 may be understood by analysing the packing of 2 along c-axis. The repulsive 
interactions were analysed by artificially placing the additional atoms (-HC=CH- 
group) to bpy to make up phen in the crystal structure of 3. Such repulsive 
interactions do exist between terminal water molecules of water helicate and the extra 
added atoms in bpy (Figure 2.14c). For example, the presence of O2S····C6 distance 














Figure 2.14 a) Closer interactions of cyclic (H2O)7 with the phen groups in 2. b) 
Water helicate in similar environment with bpy groups in 3. c) A view showing 
repulsive interactions between water helicate and phen in the artificial environment. 
 
2.3.2.3 Theoretical (DFT) Calculation  
 To shed light on the stability of the observed water helicate structure, density 
functional calculations30 at B3LYP/6-31G* level were carried out for several model 





investigated the possibility of an open-chain water heptamer in isolated state. Not 
surprisingly, all our attempts of geometry optimization led to cyclic and bicyclic 
forms of water heptamer.10,11 In sharp contrast, a chain like water heptamer exists in 
the presence of two ClO4¯ ions (Figure 2.15). However, it does not possess a distinct 
helical geometry. The distance between the 2 ClO4¯ ions is 20 Å and the O…H 
hydrogen bond distances range from 1.55 to 1.86 Å in the optimized geometry. This 
result clearly demonstrates that a linear chain of water can be stabilized by the 
negatively charged terminal moieties. 
 
Fig 2.15 Optimized geometries (B3LYP/6-31G*) of (H2O)7…2 ClO4¯ (top) and 
(H2O)7 in constrained environment of  2 Cu2+ and 2 ClO4¯ (bottom). 
 
 As shown in previous section, two Cu(II) atoms are in close contact with the 
observed water helicate. These ions may provide additional driving force for the 
formation of a helical structure. Hence, partial optimization was performed with two 
Cu2+ and two ClO4¯ constrained as in the X-ray structure of 3 to examine the role of 
Cu atoms. Indeed, a helical geometry of (H2O)7 resembles that in Figure 2.13 was 
obtained in the constraint optimization (Figure 2.15). This indicates that the two Cu 
atoms facilitate to maintain the spiral shape. In summary, the DFT calculations 







Table 2.7 Cartesian Coordinates (in Å) of B3LYP/6-31G* optimized geometries 
(H2O)7…2 ClO4¯ 
 
(H2O)7 in constrained environment 
of  2 Cu2+ and 2 ClO4¯ 
O 6.84107 0.25477 0.11228  Cu 3.68391 0.85502 3.81772
H 7.26961 -0.52995 0.53156  O 3.01084 -0.55391 2.94336
H 7.55636 0.69122 -0.40695  H 1.94947 -0.83582 3.02436
O 2.11113 1.05811 -0.81160  H 3.50735 -1.37278 3.08765
H 3.03461 1.05368 -0.40139  O 3.97810 -0.09735 -0.10094
H 1.67786 0.19416 -0.68462  H 3.39655 -0.53762 0.54221
O 0.06011 2.83024 0.01720  H 3.40167 0.46309 -0.65382
H 0.82635 2.30482 -0.32384  O 0.73737 -1.34697 3.09891
H -0.76108 2.27793 0.04089  H 0.07175 -1.11329 3.76039
O 4.41222 1.03025 0.43183  H 0.44108 -2.16249 2.55951
H 4.40797 1.64626 1.18498  C -3.36580 3.81229 0.12745
H 5.35453 0.69412 0.24379  O -3.72830 3.68007 1.49438
Cl -10.19163 -0.58580 0.08745  O -2.93043 5.09209 -0.14029
O -11.36206 -0.10822 1.28757  O -2.30150 2.89103 -0.19353
O -8.92450 -1.55956 0.86211  O -4.40853 3.47669 -0.70485
O -9.44420 0.86194 -0.61449  O 0.07633 -3.37918 1.62662
O -10.94447 -1.52042 -1.17666  H 0.04075 -4.26692 2.03170
O -6.80558 0.01716 -0.07712  H -0.79287 -3.25890 1.17674
H -7.28165 -0.71473 0.38498  Cu 3.75110 -0.87849 -3.73064
H -7.51461 0.61451 -0.41212  O 3.06681 0.60538 -3.00541
O -2.10893 1.12374 0.41762  H 2.00491 0.90002 -3.06377
H -2.97355 0.78806 0.01667  H 3.57580 1.41052 -3.18076
H -2.09127 0.96649 1.37851  O 0.78787 1.41289 -3.10714
O -4.29447 0.09722 -0.58989  H 0.12706 1.20150 -3.78443
H -4.16204 -0.37341 -1.43080  H 0.49236 2.22255 -2.55852
H -5.28176 0.11490 -0.33726  Cl -3.36861 -3.82556 -0.16884
Cl 10.15506 -0.69788 0.01644  O -3.70609 -3.69303 -1.54114
O 10.90926 -1.77871 -1.12414  O -2.94002 -5.10618 0.10771
O 8.84959 -1.55533 0.86158  O -2.30900 -2.90602 0.17238
O 9.45921 0.68384 -0.85235  O -4.42579 -3.48864 0.64540
O 11.31503 -0.12275 1.18425  O 0.08955 3.44848 -1.64030
     H 0.12533 4.35401 -2.00760
     H -0.80730 3.35867 -1.23374
       
2.3.3 Physicochemical Studies  
2.3.3.1 IR spectra 
  The X-ray crystal structure, 3 contains both aqua ligands and lattice water 





ν(OH) of H2O molecule which has been further supported by the weight loss observed 
in TG analysis. The asymmetric νas(COO-) and symmetric νs(COO-) stretching 
vibrations of  carboxylate in the free H2muco ligand have been observed at 1681 and 
1418 cm-1 respectively which have been shifted to 1616 and 1381 cm-1 respectively in 
the compound indicating the complexation. 
2.3.3.2 Thermogravimetric analysis 
     The TGA of 3 reveals that the weight loss occurs in the temperature range 45-
108°C as shown in the Figure 2.16. The total weight loss observed (10.8%) agrees 
fairly with the calculated value (9.9%) for the loss of seven water molecules. 
  




In the channels of diamondoid network structure, if the anions were not 
present, only infinite 1D water chain or tape would have resulted. The anions 
intercept the 1D chain at regular intervals and assist the formation of discrete water 
clusters. The phen co-ligands provide steric hindrance in the channel and force the 

















(H2O)7 to adopt cyclic conformation. When phen is replaced by bpy ligand, the steric 
hindrance is relieved in the channel. Therefore, the heptamer adopts helicate 
conformation, terminated by O-H···O=C interactions with the muconate ligands. 
Further unlike 1 and 2, 3 do not undergo any phase transition in the temperature range 
173-300 K studied. The DFT calculation is able to predict the formation of this 
(H2O)7 helicate in the presence of two Cu2+ and two ClO4¯ ions. In summary these 
results demonstrate that the structural constraints acting on the conformation of water 
cluster by its surrounding environment are indeed very significant. This conformation 
of water helicate exemplifies another fascinating model of water aggregate, which is 
completely different from the one found experimentally or calculated theoretically 
among the water heptamers or any other water clusters and appears to be rather new 
in the structure of water clusters. 
 
2.3.5 Experimental 
2.3.5.1 Synthesis of the complex 
[Cu3(bpy)3(muco)2(H2O)2](ClO4)2·5.5H2O, 3 
 When a methanolic solution (2.5 mL) of Cu(ClO4)2·6H2O (0.185 g, 0.5 mmol) 
was added to the aqueous solution (5 mL) of Na2muco (0.092 g, 0.5 mmol), a sky-
blue precipitate separated out. On addition of methanolic solution (2.5 mL) of bpy 
(0.015 g, 0.5 mmol) it became deep blue clear solution. The resultant deep blue 
solution was refluxed for 4 hrs and filtered. The filtrate was slowly evaporated at 
room temperature to get blue distorted octahedral shaped crystals after few days. The 
crystals were washed with 50% aqueous MeOH and dried. Yield: 0.127 g, 60%. 
Elemental analysis (%) calcd for C42H47Cl2Cu3N6O23.5: C 39.62, H 3.72, N 6.60; 





2.3.5.2 X-ray Crytallography 
The details of crystal data and refinement parameters for 3 are given in table 
2.8. Crystal data were collected on a Bruker APEX diffractometer attached with a 
charge-coupled device (CCD) detector and graphite-monochromated Mo Kα radiation 
(λ, 0.71073 Å) at 223 K. An empirical absorption correction was applied to the data 
using the SADABS program.31 Both the structures were solved by direct methods 
using and refined on F2 by full-matrix least-squares procedures with SHELXTL.32           
 




cryst syst Monoclinic 
space group C2/c 
a (Å) 19.791(3) 
b (Å) 22.674(3) 
c (Å) 12.8770(17) 
β (deg) 113.271(3) 
V (Å3) 5308.2(12) 
T (K) 223 
Z 4 
Dcalcd (g/cm3) 1.462 
μ (mm-1) 1.378 
λ (Å) 0.71073 
data [I > 2σ(I)]/params 5214/404 
GOF on F2 1.061 
final R indices [I > 2σ(I)]a,b R1 = 0.0392 
 wR2 = 0.1125 
final R indices (all data) a,b R1 = 0.0453 
 wR2 = 0.1173 





Table 2.9 Hydrogen bond parameters for water helicate in 3 
D-H d(D-H) d(H..A) <DHA d(D..A) A Symmetry 
O5-H5A      0.84(2)     1.87(2) 173(4) 2.710(4) O3W  
O5-H5B         0.84 (2)    2.03(3) 140(4) 2.727(4) O4  
O1W-H1WA   0.81(2) 2.15(2) 165(4) 2.940(3) O5  
O2W-H2WA   0.88(2)     1.90(2) 157(4) 2.729(3)     O4  
O2W-H2WB   0.86(2) 1.86(3) 142(4) 2.589(14) 8A [x, -y+2, z+1/2] 
O2W-H2WB   0.86(2) 2.21(3)     147(4) 2.963(14)   O8 [x, -y+2, z+1/2] 
O2W-H2WB   0.86(2) 2.62(3)     147(4) 3.369(16)   O7  [x, -y+2, z+1/2] 
O3W-H2WA   0.88(2)     2.08(3)     154(4) 2.897(6)     O6 [-x+3/2, -y+3/2, 
-z+1] 
O3W-H3WB 0.85(2) 1.83(2) 177(5) 2.687(5) O2W [-x+3/2, -y+3/2, 
-z+1] 
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Preface to Chapter 3 
 
 This chapter deals with the synthesis of coordination polymers of Co(II) and 
Zn(II) metal with spacer ligands and divided into two sections. Section 1 discusses 
two different three dimensional interpenetrating coordination polymers prepared from 
Co(NO3)2, H2muco and bpe in one-pot reaction whereas Section 2 describes the 
synthesis and photochemical structural transformations of three interpenetrated 3D 































One-Pot Synthesis of Dinuclear Cobalt(II) 
Interpenetrated Coordination Polymers 


































In the past few decades, the design and synthesis of coordination polymers by 
self-assembly of organic ligands as linkers and metal ions as connecting points have 
afforded a great deal of interest among the family of polymers, inorganic materials 
and supramolecular architectures.1,2 This class of compounds are also known as 
MOFs. Of these, a large number of MOFs exhibiting large surface area and porosity 
retained upon the removal of the solvent molecules have attracted special interest due 
to their potential applications in gas storage, separation, ion-exchange, nonlinear 
optics and catalysis.3-6 The pore size and shape can be tuned by the judicious choice 
of metal-containing secondary building units and bridging organic linkers and by 
making framework interpenetrating or interweaving.7 By using various linkers 
differing in lengths of the organic backbones, many MOFs with desired structures 
have been obtained8 and the interpenetrated MOFs have been widely explored among 
them.1d,9 The design and construction of the interpenetrated/entangled networks are 
important areas in crystal engineering for intriguing artistic and practical reasons. In 
this aspect, the longer dicarboxylates and bidentate pillar linkers have been 
extensively used in the formation of varied interpenetrated frameworks.10,11 
Therefore, the rigid spacer ligand with C2h symmetry, muco2- as long dicarboxylate12–
14 and 4,4'-bpy as bidentate pillar linkers have been introduced for the construction of 
the interpenetrated supramolecular architectures.  
Of particular interest, the self-assembly of various kinds of coordination 
frameworks is one of the means to obtain coordination polymers with new modes of 
entanglements in the interpenetrating architectures. In this section, we report the self-
assembly of H2muco, bpe and cobalt(II) ions by slow diffusion method leading to the 





{[Co(bpe)(muco)(H2O)2]·4(H2O)}n (5) formed in one-pot reaction. Concomitant 
crystallization of two polymorphs has been observed in the coordination 
compounds.15 In this particular study, 4 and 5 are not  polymorphs, but can be 
classified as supramolecular isomers2b,16 as far as the compositions of Co : muco2- : 
bpe are concerned, which are responsible for the connectivity of the 3D structures. 
From the topological point of view; 4 has the commonly observed 6-connected 
distorted cubic (α-Po) type net11,17 and 5 can be described in terms of 4-connected 66 
which is attributed to all cis- geometry of the linkers.  This topology appears to be 
different from commonly encountered 4-connected nets such as diamondoids and 
hexagonal diamondoids. 
 
3.1.2 Results and Discussion 
The two solid-state compounds 4 and 5 were obtained in one-pot crystallization. On 
the other hand, these compounds were also obtained as major products by changing 
the reaction conditions. Compound 4 was obtained as major productt from three layer 
diffusion containing triethylamine salt of H2muco (top), bpe (middle) and cobalt 
nitrate solution (bottom). On the other hand, when cobalt nitrate solution was used as 
top layer and sodium salt of H2muco as bottom layer with bpe in the middle layer, 5 
was formed as major product. Although 4 and 5 differ much in terms of structural 
motifs, they are all solvent included coordination solids and have the same Co : bpe : 
muco2- ratio in the 3D structures. Both form neutral interpenetrated MOFs with small 
open channels filled with guest solvent molecules. The crystals were distinctly 
different in terms of colour and morphology. Compound 4 formed as deep orange 
blocks whereas 5 formed as light orange plate-shaped crystals. In the solid-state, 4 has 





effective volume occupied by solvents is 1225.0 Å3 per unit cell, which is 28.7% of 
the cell volume. Compound 5 has three-fold interpenetrated (4,4)-connected net with 
the volume of 1075.6 Å3 per unit cell (23.8% of the unit cell  volume) occupied by the 
lattice water molecules.  
3.1.2.1 Synthesis 
 The two solid-state compounds 4 and 5 were obtained in one-pot 
crystallization. On the other hand, these compounds were also obtained as major 
products by changing the reaction conditions. Compound 4 was obtained as major 
product from three layer diffusion containing triethylamine salt of H2muco (top), bpe 
(middle) and cobalt nitrate solution (bottom). On the other hand, when cobalt nitrate 
solution was used as top layer and sodium salt of H2muco acid as bottom layer with 
bpe in the middle layer, 5 was formed as major product. 
3.1.2.2 Description of crystal structures 
3.1.2.2.1 {[Co(bpe)(muco)](DMF)(H2O)}n (4)  
 In 4, {[Co(bpe)(muco)](DMF)(H2O)}n, each Co(II) center has a pair of bpe 
ligands disposed in trans-fashion and a chelating muco2- ligand. Of these, two muco2- 
anions act as bridging ligands between two Co(II) atoms and align a pair of bpe 
ligands to form a ladder polymer (Co–O = 2.007(3)– 2.283(4) Å and Co–N = 
2.152(4)– 2.159(4) Å) (Figure 3.1a). The coordination geometry at Co(II) is distorted 
octahedron. The bpe ligands are propagated along the a-axis. The Co···Co distance in 
the ladder is 4.026 Å. The pyridyl rings are aligned in parallel with π···π distance of 
3.868 Å. The Co ̶ bpe ̶ Co distance is equal to the a-axis in the cell, 13.717 Å. The 
butadiene group of the muco ligand interconnects the “Co2(muco)4/2” building blocks 
to form (4,4) net in bc-plane. If the centers of the Co2 dimers are connected in this 





the rhombus are equal to the lengths of b- and c-axes of the unit cell, 14.788 and 
21.028 Å respectively. Binuclear subunits constitute the nodes of the net structure and 
the connectivity of their centroids lead to the highly distorted cubic (α-Po) type 
structure.11,17 The nodes represent centrosymmetric pairs of Co(II) cations. The large 
cavity space is reduced by two- fold interpenetration (Figure 3.2). Small cavities left 
behind are filled by DMF-H2O solvents which are strongly interacting through 
C=O···H ̶ O ̶ H bonds (O···H = 1.92 Å, O···O = 2.831 Å, ∠O···O ̶ H = 167°). Again, 
the guest water molecule is strongly hydrogen bonded to the oxygen atom of chelating 




Figure 3.1 A perspective view of showing the orientation of bpe and muco ligands in 
the dimeric repeating unit of 4. Dashed lines show π···π interactions between bpe 
molecules. The solvent molecules and the hydrogen atoms in pyridyl rings are not 







                           
 
 
Figure 3.2 a) One of the two independent distorted cubic nets of 4, (b) Interpenetrated 
network of 4 viewed along the a-axis showing the presence of channels shown by 
yellow circles. Hydrogen atoms and guest molecules have been omitted. (c) 
Schematic diagram of the two-fold interpenetrated cubic net of 4 joining the centers 














 As discussed above, the olefinic bonds of adjacent bpe in 4 are aligned parallel 
and separation between the centroids of stacked C=C bonds is 3.868 Å which satisfies 
the Schmidt’s criteria (required distance < 4.2 Å) for solid-state photochemical [2+2] 
cycloaddition reaction. However, UV irradiation of 72 hours showed that the 
compound is photo inert probably due to the presence of redox metal centre.  
3.1.2.2.2 {[Co(bpe)(muco)(H2O)2](H2O)3}n 
 In 5 {[Co(bpe)(muco)(H2O)2](H2O)3}n, each Co(II) is coordinated to two bpe 
(Co–N = 2.113(2) – 2.144(2) Å), two monodentate muco ligands (Co–O = 2.067(8)– 
2.080(8) Å) and two water molecules (Co–O = 2.152(8) Å) all in cis-fashion. The 
topology is subsequently controlled by the connectivity of these spacer ligands to the 
metal ions. In ab-plane six Co(II) form a distorted-rectangular ring. Each shorter side 
is connected by a muco ligand and the longer side by a bpe and muco ligands. In other 
words, four muco, two bpe ligands and six Co(II) form the distorted-rectangular ring. 
The Co ̶ muco ̶ Co and Co ̶ bpe ̶ Co distances are 11.037 Å and 13.687 Å respectively. 
The extended structure in ab-plane is therefore form brick-layered 2D net mainly 
attributed to cis-geometry muco ligands at Co(II) centers (Figure 3.4). The alternate 
Co(II) of these rectangles are connected by bpe ligands up and down directions 
approximately along c-axis perpendicular to the rectangles forming the 3D network 
structure. The length and width of the rectangle based on Co···Co distances are 
24.676 Å and 11.037 Å respectively. The distortion of the rectangle is the evident 
from Co ̶ Co ̶ Co angles, 110.64° and 72.97°. The large empty spaces provided by 
these rectangles are filled by three-fold interpenetration of the 3D framework 






   
Figure 3.4 Connectivity showing the formation of hexagons by linking cis-
[Co(bpe)2(muco)2(H2O)2] nodes (Left) and a schematic diagram showing 4-connected 
uninodal net observed in 5 (Right). Pyridyl groups of bpe and carboxylate units of 
muco ligands are shown as rods. 
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  Each distorted-rectangular ring has six Co(II) centers leading to the formation 
of  hexagon which is the shortest circuit here. For a p-connected nodes, there are p(p-
1)/2 unique pairs of links around a node and the number of the shortest circuits for 
each unique pair of links is six. Hence the Schläfli symbol is 66. Viewed from a-axis, 
the puckered hexagonal layers in the bc-plane are interconnected to give a net which 
is different from other well known 4-connected nets such as diamondoid or hexagonal 
daimondoid which are also 66 noted by Wells.19 The known 3D uninodal 4-connected 
nets of MOFs are dominated by the tetrahedral geometry along with comparatively 
small contributions of square geometry or square and tetrahedral mixed geometry.20 











                                        
(a)                                                                   (b)              
 
                                             (c) 
 Figure 3.5 (a) Details of 3-fold interpenetration in 5. (b) Schematic diagram showing 
the details of interpenetration around a single rectangle and region occupied by water 
molecules by yellow sphere. (c) Schematic representation of the 3-fold 
interpenetration obtained by connecting the metal centers in 5. 
 
  Even after three-fold interpenetration, 5 still possesses some solvent accessible 
space where disorder water molecules have been located along c-axis shown in Figure 
4b. Guest water molecules interact with the coordinated water molecules through 
hydrogen bonding (O6-H6B···O7 and O8-HA···O5). Additional hydrogen bonds are 
formed between coordinated water molecules and carboxylate oxygen atoms. The 
coordinated water molecules act as terminal ligands and they are intra- and inter-
molecularly hydrogen bonded to carboxylate oxygen atoms of muco ligands (O5-






Figure 3.6 Asymmetric unit of 5 showing intra- and inter-molecular hydrogen 
bonding. Disordered solvent molecules are omitted for clarity. 
 
3.1.3 Physicochemical Studies 
3.1.3.1 Infrared spectra 
  In the X-ray crystal structure, 4 contains both aqua ligands and lattice water 
molecules while 5 contains only lattice water molecule and the IR absorption bands 
observed between 3300 and 3450 cm-1 also suggest their presence which has been 
further supported by the weight loss observed in TG analysis. The asymmetric 
νas(COO-) and symmetric νs(COO-) stretching vibrations of  carboxylate in the free 
H2-muco ligand have been observed at 1681 and 1610 cm-1 respectively which have 
been shifted in the compound indicating the complexation. Selected IR bands are 
given in Table 3.1. 
Table 3.1 IR spectral data of 4 and 5 









3.1.3.2 Thermogravimetric analysis and thermal bevavior 
    The thermal stability of compound 4 has been studied by TGA and variable 
temperature PXRD. The TGA shows the loss of DMF and water occurs in the 
temperature region 70 – 180 °C (Weight loss found, 18.6% and calculated, 19.3% as 
shown in Figure 3.7). The PXRD of the sample heated to 200 °C under vacuum and 
cooled to room temperature in air (Figure 3.8) matched with that of the bulk showing 
that the crystal structure is retained after the solvent removal. While the PXRD 
recorded at 200 °C shows additions peaks and intensity variation indicating possibility 
of phase transition at this temperature. After the removal of solvents, the single 
crystals maintain the morphology but they do not diffract strongly for data collection.  
When 4 was evacuated under vacuum at 160 °C and the dehydrated sample was then 
exposed to water vapour, it takes aback about three water molecules as determined by 
TG. Preliminary experiments indicated that 4 does not have nitrogen gas sorption 
property at low temperatures. TGA of compound 5 shows the loss of water molecules 
at 30-180 °C. The weight loss occurred in two stages corresponding for loss of lattice 
water and coordinated water molecules. The total loss of 21.3% corresponds to loss of 
all water molecules (calcd: 22.0%). The complete decomposition of the compound 






Figure 3.7 TGA curves of as-synthesized 4 (red) and after evacuation (green). 
 
 
Figure 3.8 PXRD patterns of the simulated 4 (blue), as-synthesized 4 (black), heating 
at 200 °C (red) and after cooling to room temperature (green). 
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Figure 3.9 TGA curves of as-synthesized 5. 
 
3.1.3.3 Powder X-ray diffraction  
  PXRD patterns were recorded for the unseperated bulk of the samples 
obtained in the synthesis as well as pure 4 and 5 crystals. The patterns for the bulk 
matched well with those from 4 and 5 indicating that only two types of products were 
obtained as shown in Figure 3.10. The PXRD patterns of 4 and 5 were also matched 

























Figure 3.10 PXRD patterns of as-synthesized 4 (purple), as-synthesized 5 (navy blue) 
and bulk (olive). 
  
Figure 3.11 PXRD patterns of simulated 4 (pink), as-synthesized 4 (purple). 
 
 
Figure 3.12 PXRD patterns of simulated 5 (orange), as-synthesized 5 (navy blue). 




















 This particular study highlights the delicacy in designing interpenetrated 
frameworks with nanoporous open channels resulting from single crystallization. The 
composition of 4 and 5 differ only by solvent molecules, so they can be described as 
pseudo supramolecular isomers. The solid state structure of 4 is made up of novel 
distorted cuboidal building block and the aggregation of the building blocks results in 
three dimensional networks displaying two-fold interpenetration. Despite the 
occurrence of interpenetration 4 still retains nanoporous channel along c-axis filled 
with aggregated H2O-DMF molecules. Interestingly, these guest molecules can be 
removed from 4 at high temperature without losing its crystallinity. Compound 5 is 
particularly interesting as it shows the unusual topology in its three dimensional net 
(Figure 3.5c). Despite higher degree of interpenetration, it retains nanoporous open 
channel. Several intramolecular hydrogen bonds provide an additional stabilization 
within the [Co(bpe)2(muco)2(H2O)2] unit. Although the compositions of the metal-
ligands ratios are same for both the compounds, the coordination modes of the ligands 
are distinctly different. The muco ligands coordinate to Co(II) in monodentate manner 
in 5 which allows two water molecules to bind to the metal ions. The all cis-geometry 
in 5 is responsible for different topological structure in 5.  
 
3.1.5 Experimental 
3.1.5.1 Synthesis of the complexes 
{[Co(bpe)(muco)]·(DMF)(H2O)}n (4)   
{[Co(bpe)(muco)(H2O)2]·4(H2O)}n (5) 
 Stock solutions of Co(NO3)2·6H2O (0.291 g, 1 mmol) in 10 mL H2O, H2muco 





(0.182 g, 1 mmol) in 10 mL methanol were prepared. Then 2 mL of bpe solution was 
carefully layered above the 2 mL metal solution using 2 mL 1:1 (= v/v) buffer 
solution of DMF and MeOH  followed by layering of 2 ml muconate solution. The 
orange block shaped crystals of complex {[Co(bpe)(muco)](DMF)(H2O)}n (4) were 
obtained after one week (0.066 g, Yield 70%) along with some light orange platy 
crystals of {[Co(bpe)(muco)(H2O)2]·4(H2O)}n (5) (0.010 g, Yield 10%). The crystals 
were separated by hand picking and washed with MeOH and H2O (1:1) mixture and 
dried. Elemental analysis calcd. for C21H23CoN3O6 (4): C, 53.40; H, 4.91; N, 8.90, 
Found: C, 53.22; H, 4.80; N, 8.86. IR (KBr pellet, cm-1): 1618 νas(COO¯), 1423 
νsys(COO¯). TG weight loss of 18.6% observed for the fresh sample 4 matched with 
19.3% for the loss of one DMF and one H2O molecule. 
 Complex 5 was prepared as major product by the following method. Stock 
solutions of Co(NO3)2·6H2O (0.291 g, 1 mmol) in 10 mL ethanol, H2muco (0.142 g, 1 
mmol) neutralized with  NaOH (0.080, 2 mmol) in 10 mL H2O and bpe (0.182 g, 1 
mmol) in 10 mL methanol were prepared. Then 2 mL of the bpe solution was layered 
over 2 mL aqueous Na2-muco solution using the 2 mL buffer solution of 1:1 (= v/v) 
DMF and MeOH followed by the layering of 2 mL metal solution. The light orange 
platy shaped crystals of 5 were obtained after few days (0.058 g, Yield 60%) along 
with some dark orange block crystals of 4 (0.009 g, Yield 10%). The crystals were 
separated by hand picking and washed with MeOH and H2O (1:1). Elemental analysis 
calcd. for C18H26CoN2O10 (5): C, 44.18; H, 5.36; N, 5.72, Found: C, 44.25; H, 4.98; 
N, 5.80. IR (KBr pellet, cm-1): 3447 ν(O-H), 3423 ν (O-H), 1615 ν (COO¯), 1421 







3.1.5.2 X-ray Crytallography 
  Single Crystals suitable for data collection obtained during synthesis were 
chosen under an optical microscope and mounted on glass fibres and frozen under a 
stream of cryogenic nitrogen gas before data collection. Crystal data were collected 
on a Bruker APEX diffractometer attached with a charge-coupled device (CCD) 
detector and graphite-monochromated Mo Kα radiation (λ, 0.71073 Å) at 223 K. An 
empirical absorption correction was applied to the data using the SADABS program.21 
Both the structures were solved by direct methods and refined on F2 by full-matrix 
least-squares methods using SHELXTL.22 The crystallographic data for 4 and 5 are 
summarized in Table 3.2 and selected bond lengths and bond angles are given in 
Table 3.3. All non-hydrogen atoms were refined with anisotropic displacement 
parameters except for the disordered atoms. The C-H hydrogen atoms are added in 
calculated positions and the positional and common isotropic thermal parameters of 
hydrogen atoms in water molecule. In 5, three of the four lattice water molecules were 
disordered over ten positions with occupancies varies from 0.125 to 0.5. However 
positional and common isotropic thermal parameters of hydrogen atoms of aqua 
ligands were refined in the least-squares cycles. The hydrogen-bond parameters are 












Table 3.2 Crystal data and refinement parameters for complexes 4 and 5 
Formula C21H23CoN3O6 (4) C18H24CoN2O10 (5) 
fw 472.35 487.32 
cryst syst Orthorhombic Monoclinic 
space group Pbca C2/c 
a (Å) 13.7170(6) 37.552(3) 
b (Å) 14.7878(6) 13.1257(9) 
c (Å) 21.0282(8) 9.4044(6) 
β (deg) 90 103.218(2) 
V (Å3) 4265.4(3) 4512.6(5) 
Z 8 8 
Dcalcd (g/cm3) 1.471 1.435 
μ (mm-1) 0.848 0.815 
λ (Å) 0.71073 0.71073 
data [I > 2σ(I)]/params 3754/ 289 4193/ 315 
GOF on F2 1.027 1.030 
final R indices [I > 2σ(I)]a,b R1 = 0.0595 R1 = 0.0434 
 wR2 = 0.1533 wR2 = 0.1153 
final R indices (all data) a,b R1 = 0.0881 R1 = 0.0521  
 wR2 = 0.1688 wR2 = 0.1221 
a R1 = Σ||Fo|  ̶  |Fc||/ Σ|Fo|, b wR2 = [Σw(Fo2  ̶  Fc2)2/Σw(Fo2)2]1/2 , on w = 1/[σ2Fo2 + 














Table 3.3  Selected bond lengths and bond angles in 4 and 5 
          Complex 4           Complex 5  
Co(1)-O(3)  2.007(3) Co(1)-O(3) 2.065(2) 
Co(1)-O(4)a 2.026(3) Co(1)-O(1) 2.090(2) 
Co(1)-O(1) 2.134(3) Co(1)-N(1) 2.113(2) 
Co(1)-N(1) 2.152(4) Co(1)-N(2) 2.144(2) 
Co(1)-N(2) 2.159(4) Co(1)-O(6) 2.151(2) 
Co(1)-O(2)  2.283(4) Co(1)-O(5) 2.161(2) 
O(3)-Co(1)-O(4)a 122.95(14) O(3)-Co(1)-O(1) 87.31(7) 
O(3)-Co(1)-O(1) 148.78(14) O(3)-Co(1)-N(1) 88.22(8) 
O(4)a-Co(1)-O(1) 88.10(13) O(1)-Co(1)-N(1) 89.34(8) 
O(3)-Co(1)-N(1) 91.70(13) O(3)-Co(1)-N(2) 91.88(8) 
O(4)a-Co(1)-N(1) 90.56(13) O(1)-Co(1)-N(2) 179.09(9) 
O(1)-Co(1)-N(1) 91.06(13) N(1)-Co(1)-N(2) 91.06(9) 
O(3)-Co(1)-N(2) 87.74(13) O(3)-Co(1)-O(6) 175.31(7) 
O(4)a-Co(1)-N(2) 87.45(13) O(1)-Co(1)-O(6) 88.40(7) 
O(1)-Co(1)-N(2) 90.85(13) N(1)-Co(1)-O(6) 89.83(8) 
N(1)-Co(1)-N(2) 177.20(14) N(2)-Co(1)-O(6) 92.42(8) 
O(3)-Co(1)-O(2) 89.84(13) O(3)-Co(1)-O(5) 92.89(7) 
O(4)a-Co(1)-O(2) 147.19(12) O(1)-Co(1)-O(5) 90.68(7) 
O(1)-Co(1)-O(2) 59.11(12) N(1)-Co(1)-O(5) 178.89(8) 
N(1)-Co(1)-O(2) 89.12(13) N(2)-Co(1)-O(5) 88.94(8) 
N(2)-Co(1)-O(2) 93.63(13) O(6)-Co(1)-O(5)  89.06(7) 
Symmetry transformations used to generate equivalent atoms: a: -x+1,-y,-z+1     
Table 3.4 Hydrogen bond parameters in 5  
 
 D-H           d(D-H)   d(H..A)   <DHA    d(D..A)   A 
 O5-H5A        0.90      1.80        155       2.644     O2  
 O5-H5B        0.90      1.79        154       2.633     O4  
 O6-H6A        0.90      1.85        154       2.686     O2  [x, -y+2, z+1/2] 
 O6-H6B        0.90      1.96        161       2.823     O7  
 O8-H8A        0.90      1.95        159       2.810     O5  
 O8-H8B        0.90      1.44        135       2.175     O12 [-x+1, y, -z-1/2] 
 O8-H8B        0.90      1.60        153       2.436     O16 [-x+1, y, -z-1/2] 
 O8-H8B        0.90      1.88        168       2.762     O9  







Single-Crystal to Single-Crystal 
Photochemical Structural Transformations 
of Interpenetrated 3D Coordination 




















Solid-state structural transformations involving coordination polymers induced 
by light, heat, guest removal, uptake or exchange, expansion of coordination numbers, 
oxidation of metal centers, condensation or reactions between the ligands are very 
fascinating and one of the hot topics in solid-state chemistry.23 These structural 
transformations normally involve significant rearrangement of molecular components 
in the crystals including rotation, bending, swinging, sliding, shrinking or swelling. 
However, the single crystal has to withstand the stress during this period without the 
loss of single crystallinity in order to accomplish single-crystal to single-crystal 
(SCSC) structural transformation.24-27 Single crystal X-ray crystallography is the only 
tool available as of today to characterize the final products of these transformations 
unequivocally in the solid state.28 Hence understanding this SCSC phenomenon to 
create a stress-free structural transformation in confined coordination space is 
essential for further advancement in this area. 
Of these structural transformations, [2+2] photodimerization of C=C bonds in 
various organic compounds and metal complexes has been well studied for the past 
few decades.29-31 Of various organic ligands used bpe a ditopic spacer ligand has been 
one of the popular choices of ligands for studying topochemical transformations in 
metal complexes and coordination polymers.29c  For a pair of double bonds to be 
photoreactive in the solids, the topochemical criteria established by Schmidt (i.e., 
C=C bonds aligned parallel and separation less than 4.2 Å) should be satisfied.32 
However, only in limited cases these dimerization reactions occur in SCSC manner 
and such SCSC transformations involving 1D or 2D coordination polymers are still 
rare.33 In higher dimensional coordination polymeric networks the movements of the 





bonded to the metal ions. In such cases, although the bpe ligands have been found in 
parallel arrangements, the solids were not found to be photoreactive.34  Here we 
encountered bpe ligand pairs acting as pillars in the three-dimensional coordination 
polymers [Zn(bpe)(muco)]·DMF·H2O (6), [Zn(bpe)(bdc)]·DMF, (7) and 
[Zn(bpe)(fum)]·H2O (8) (H2bdc = 1,4-benzene dicarboxylic acid and H2fum = 
fumaric acid) undergoes 100% topochemical [2+2] cycloaddition reactions while this 
transformation occurs in SCSC manner for 6 and 7 and details are given in this 
section. 
 
3.2.2 Results and Discussion 
3.2.2.1 Synthesis 
 The colourless block crystals of 6-8 were obtained by diffusing ethanolic 
solution of bpe and H2-muco into the solution of aqueous Zn(NO3)2·6H2O and Et3N in 
DMF-MeOH solution in 50-70% yield. 
3.2.2.2 Description of crystal structures 
 [Zn(bpe)(muco)]·(DMF)(H2O) (6)  
[Zn(bpe)(bdc)]·DMF (7) 
[Zn(bpe)(fum)]·H2O (8) 
 X-ray crystallographic experiments carried out at 223K revealed that 6 and 7 
crystallized in orthorhombic space group Pbca with Z = 8, whereas 8 crystallized in 
triclinic space group Pī with Z = 2. However, all of them possess 3D polymeric 
structures and their connectivity exhibit α-Po topology with two-fold interpenetration 







        
(b)                                                                      (c)  
Figure 3.13 a) Schematic diagram of the 2-fold interpenetrated cubic net in 6-8 
created by joining the center of the dimeric Zn2 repeating units. b) Side and c) top 
views of the interpenetrated cubes in 6.  The hydrogen atoms and solvents are not 
shown for the clarity. 
 
The asymmetric unit in 6-8 consists of a Zn(II) center bonded to two bpe 
ligands disposed in trans- fashion along with a chelating and bridging dicarboxylate 
ligands. Two such Zn(II) centers are bridged by two dicarboxylate ligands such that 
the bpe pairs are aligned parallel with face-to-face π···π interactions and the distances 
between the centroids of the pyridyl groups are 3.824, 3.849 and 3.737 Å respectively 
in 6-8, to form a ladder polymer. The distances between the centers of the adjacent 
C=C bonds 3.789, 3.775 and 3.992 Å respectively in 6-8, indicate the feasibility of 
photochemical [2+2] cycloaddition reaction. This dimeric unit is the building block 





dicarboxylate ligands generates a distorted cubic (α-Po) structure (Figure 3.14). The 
overall 3D network is large enough to be interpenetrated by a second cube and small 
cavity remained after interpenetration is occupied by solvent molecules. The three 
coordination polymers differ by guest solvent molecules depending on the size of the 
channel. The channel in 6 hosts a DMF and a H2O molecule whereas DMF and H2O 
molecules were hosted by 7 and 8 respectively. 
In 6, Zn center has distorted octahedral coordination geometry, with two 
oxygen donors of one chelating carboxylate group and two oxygen donors of two 
bridging bidentate carboxylate groups in the horizontal direction and two nitrogen 
donors of bpe in the axial direction (Zn–O = 2.014(2) – 2.468(3) Å and Zn–N = 
2.166(3) – 2.173(3) Å). The structures is isotypical to the Co(II) analogue discussed in 
section 1 of chapter 3. But in 7 and 8, the carboxylate group acts in monodentate 
fashion instead of chelating mode which gives rise to the Zn center to have distorted 
trigonal bipyramidal geometry (Zn–O = 1.986(2) – 2.003(2) Å and Zn–N = 2.193(3) – 
2.197(3) Å in 7 and Zn–O = 2.014(2) – 2.468(3) Å and Zn–N = 1.977(2) – O1 
2.027(2) Å in 8). Again, in 6 and 7 the bpe ligands are propagated along the a-axis 
and the Zn-bpe-Zn distance is equal to the a-axis in the cell, (13.737 Å in 6 and 
13.789 Å in 7). Connection of the centers of the Zn2O2 core forms a rhombus with the 
side length of 12.869 Å in 6 and 12.535 Å in 7. On the other hand in 8, the bpe 
ligands are propagated diagonal to the bc-plane and the Zn-bpe-Zn distance is 13.715 
Å. When the centers of the Zn2 dimers are joined it furnished a rectangle with the side 
lengths of 13.159 and 8.669 (equal to the a-axis) Å due to different coordination 





          
                       
Figure 3.14 Perspective views of the building blocks in 6 (a), 7 (b), 8 (c) and top view 
in 8 to show the rectangle shape (d). The hydrogen atoms are not shown for the 
clarity. 
 
3.2.2.3 Photodimerization reactions of compound 6-8 in solid state 
As discussed above the olefinic bonds of adjacent bpe in all of the 
coordination polymers are positioned parallel within the required distance (< 4.2 Å) of 
geometric criteria of Schmidt for photochemical [2+2] cycloaddition reaction. This 
structural feature provides us a rare opportunity to study the solid-state 
photodimerization of C=C bonds in the interpenetrated 3D coordination polymers in 
the solid-state. The single crystals and the powdered samples of 6-8 were subjected to 
UV irradiation for 30 min using Xenon light source to test whether the olefinic C=C 
bonds are photoactive to give rctt-tetrakis(4-pyridyl)cyclobutane (rctt-tpcb) and the 
quantitative photoreactivity is evident from the 1H NMR spectra of the irradiated 
products. The 1H NMR spectra show complete disappearance of the signals from 
olefinic protons (δ = 7.51 ppm in 6, 7.54 ppm in 7 and 8) and appearance of the 





in the signals of bipyridine protons (from δ = 8.56 and 7.68 ppm to 8.33 and 7.36 ppm 
in 6, from δ = 8.60 and 7.60 ppm to 8.34 and 7.21 ppm in 7 and 8) as shown in Figure 
3.15. The photodimerization was accompanied by a change of colour from colourless 
to light yellow monitored by optical microscopy.  
 
Figure 3.15 1H NMR spectra of 6 in D2O i) before and ii) after irradiation; 7 in d6-
DMSO iii) before and iv) after irradiation and 8 in d6-DMSO v) before and vi) after 
irradiation under UV lamp. In case of 6 the peak corresponding to ‘d’ is buried under 
HDO peak. 
 
UV irradiation of single crystals of all the compounds for half an hour 
revealed that the transparency and shape of the crystals remained intact during 
photodimerization which gives us an indication to check SCSC transformation. 





were found to be not suitable for intensity data collection. Poor crystal quality could 
be attributed to the partial loss of solvent during irradiation. Therefore the UV 
irradiation experiments were done as follows to get better X-ray intensity data. Just 
after the data collection at 223 K, the single crystals were irradiated at 223 K for 30 
min on the goniometer itself. After UV irradiation the data was found to be better and 
hence the data were collected at the same temperature. Among the three compounds, 
the single crystal of photodimerized product of 8 shows cracking. On the other hand, 
X-ray crystallographic analyses of photodimerized products of 6 and 7 namely, 
[Zn(rctt-tpcb)1/2(muco)]·DMF·H2O (9) and [Zn(rctt-tpcb)1/2(bdc)]·DMF (10) revealed 
100% photodimerization reaction accompanied by SCSC transformation. This is 
confirmed by the formation of cyclobutane rings, shown in Figure 3.16. The two 
pyridyl rings previously aligned parallel, are now diverged from the cyclobutane ring 
and as a consequence the Zn···Zn distance increased from 3.962 Å in 6 to 4.249 Å in 
9 and from 3.941 Å in 7 to 4.199 Å in 10. In both 9 and 10, Zn centers have distorted 
octahedral coordination geometry as described for 6. In both the compounds, newly 
formed rctt-tpcb propagates along a-axis and Zn- rctt-tpcb- Zn distance is slightly 
shorter than Zn-bpe-Zn distance in the initial precursors and equal to the a-axis in the 
cell (13.500 Å in 9 and 13.570 Å in 10). Overall, the transformation is accompanied 
by reduction in cell volume (1.18 and 4.47% in 9 and 10 respectively). 
Thermogravimetric analysis, before and after irradiation shows that the compound 6 
and 7 partially retain the solvents during irradiation whereas the compound 8 does not 
retain any solvent at all which are discussed in section 3.2.3.2. The loss of single 






     
Figure 3.16 A perspective view of one of the two independent distorted cubic nets in 
6 after UV irradiation. The hydrogen atoms are not shown for the clarity. 
 
There are not many higher dimensional coordination polymers where the bpe 
or its derivative are oriented in pairs.29c,35,36 For example, the Co(II) analogue of 329c 
and [Ce(bpeo)1.5(NO3)3] (where bpeo = trans-1,2-bis(4-pyridyl)ethene-N,N’-
dioxide)36 have 3D network structures and parallel dispositions of the bpe ligand 
observed in these polymers are congenial for [2+2] cycloaddition reactions. However, 
UV radiation of the single crystals of these coordination polymers did not yield any 
cyclobutane product. In the pillar-layered coordination polymer, 
[Mn2(HCO2)3(bpe)2(H2O)2]ClO4⋅H2O⋅bpe, there are two types of bridging bpe 
ligands.37 In one type the bpe ligands are aligned parallel to the bpe in the lattice, and 
Gao et al observed 60% photodimerization. The hydrogen-bonded bpe in the lattice in 
this structure provided the flexibility needed for photodimerization. On the other 
hand, Michaelides et al. observed 100% photodimerization in a two-fold 
interpenetrated 3D pillar-layered cubic coordination polymer, [Cd(bpe)(fum)]·H2O 
where bpe pairs are parallel oriented and photoreactive.38 However, 
photodimerization does not accompany SCSC transformation. Apart from this we are 
not aware of any other example of the 3D coordination polymer to be photoreactive. 





3D→3D SCSC transformation in interpenetrated coordination polymers induced by 
UV light as depicted in Scheme 3.1. 
 
Scheme 3.1 Schematic representation of the 3D→3D structural transformation in 6. 
 
3.2.3 Physicochemical Studies 
3.2.3.1 IR spectra 
  The asymmetric νas(COO-) and symmetric νs(COO-) stretching vibrations of  
carboxylate in the free H2-muco ligand have been observed at 1681 and 1610 cm-1 
respectively which have been shifted in the compound indicating the complexation. 
Selected IR bands are given in Table 3.5. 
Table 3.5 IR spectral data of 6 - 11 
Complex υas(COO-) υs(COO-) Δυ 

























3.2.3.2 Thermogravimetric analysis 
     Thermogravimetric data, before and after irradiation show that the compound 
6 and 7 partially retain the solvents during irradiation whereas the compound 8 loses 
almost all the solvent molecules.    
  The TGA of compound 6 shows that the loss of DMF and water occurs in the 
temperature region 30-180 °C (Weight loss found, 18.0% and calculated, 19.0%). 
After irradiation the weight loss is 17.0% which is due to partially loss of solvent 
during irradiation at room temperature (shown in Figure 3.17). TGA of compound 7 
shows the loss of DMF molecules at 95-206 °C. The total loss of 14.0% corresponds 
to loss of all DMF molecules (calcd: 15.1%). After irradiation at room temperature 
the weight loss is 11.0% which is due to partially loss of solvent during irradiation 
(shown in Figure 3.18). TGA of compound 8 shows that the loss 0.25 H2O occurs in 
the temperature region 30-70 °C (Weight loss found, 1.2% and calculated, 2.2%), but 
after dimerization it loses almost all the water molecules shown in Figure 3.19. In fact 
the dimerized product of 8 slowly takes back water from the surroundings as indicated 
in the TG (Figure 3.19).        
 
 Figure 3.17 TGA curves of as-synthesized 6 (blue) and after irradiation 9 (magenta) 





















 Figure 3.18 TGA curves of as-synthesized 7 (red) and after irradiation 10 (green) 
 
  
 Figure 3.19 TGA curves of as-synthesized 8 (pink) and after irradiation 11 (violet) 
3.2.3.3 Powder X-ray diffraction 
  The PXRD patterns were recorded for the compound 6 ‒ 10. They were almost 
matched with the simulated patterns generated from the single crystals data (Figure 
3.20 – 3.24). There could be little difference between the patterns may be attributed to 





























phase change or modification due to loss of solvent during grinding. It is apparent 
from the PXRD data that the crystals of 6 and 7 did not lose their crystallinity during 
irradiation which prompted us to study the SCSC photodimerization recation.  
 
Figure 3.20 PXRD patterns of simulated 6 (black) and as-synthesized 6 (blue). The 
difference between the patterns may be attributed to phase change/modification due to 
loss of solvent during grinding. 
 
 
Figure 3.21 PXRD patterns of simulated 7 (black) and as-synthesized 7 (green). The 
difference between the patterns may be attributed to phase change/modification due to 





















Figure 3.22 PXRD patterns of simulated 8 (black) and as-synthesized 8 (red). The 
difference between the two patterns may be attributed to phase change/modification 





Figure 3.23 PXRD patterns of simulated 9 (black) and as-synthesized 9 (purple). The 
difference between the patterns may be attributed to phase change/modification due to 
loss of solvent during grinding. 
 
 
















Figure 3.24 PXRD patterns of simulated 10 (black) and as-synthesized 10 (violet).  
 
3.2.4 Summary 
 In summary, a novel approach to align bpe ligands in three pillar-layered 
interpenetrated coordination polymers has been illustrated. In these photoreactive 
functional porous solids, a 3D→3D topochemical structural transformation has been 
achieved by photochemical [2+2] cycloaddition reaction. Further, the cycloaddition 
reaction has been successfully accomplished in a SCSC manner by lowering the 
temperature to 223 K in two different structures. Finally a photochemical method has 
been employed for post-synthetic modification of porous MOFs. 
 
3.2.5 Experimental 
3.2.5.1 Synthesis of the complexes 
[Zn(bpe)(muco)]·(DMF)(H2O) (6)  
 A solution of bpe (0.036 g, 0.2 mmol) in MeOH (2 mL) was slowly and 
carefully layered to a solution of Zn(NO3)2·6H2O (0.059 g, 0.2 mmol) in H2O (2 mL) 
using 2 mL 1:1 (= v/v) buffer solution of DMF and MeOH  followed by layering of 
H2muco (0.028 g, 0.2 mmol) neutralized with  Et3N (0.021 g, 0.2 mmol) in 2 mL 









EtOH. The colourless block crystals of [Zn(bpe)(muco)]·DMF·H2O (6) were obtained 
after two days (0.066 g, Yield 70%). 1H NMR (D2O, 300 MHz, 298 K): δ=8.56 (d, 
4H, Py-H), 7.68 (d, 4H, Py-H), 7.51 (s, 2H, CH=CH), 7.04 (m, 2H, muco), 6.19 (m, 
2H, muco); Elemental analysis calcd. for C21H23ZnN3O6 (6): C, 52.68; H, 4.84; N, 
8.78, Found: C, 53.06; H, 4.72; N, 8.25. 
Complex [Zn(bpe)(bdc)]·DMF (7) 
Compound 7 was obtained similar to 6, but H2bdc was used instead of H2muco. The 
colourless blocks of [Zn(bpe)(bdc)]·DMF (7) were obtained after two days (0.062 g, 
Yield 65%). 1H NMR ([D6]DMSO, 300 MHz, 298 K): δ = 8.60 (d, 4H, Py-H), 7.60 
(d, 4H, Py-H), 7.54 (s, 2H, CH=CH), 8.03 (s, 4H, bdc); Elemental analysis calcd. for 
C23H21ZnN3O5 (7): C, 56.98; H, 4.37; N, 8.67, Found: C, 56.76; H, 4.30; N, 8.39; IR.  
[Zn(bpe)(fum)]·H2O (8) 
Compound 8 was obtained similar to 6, but H2fum was used instead of H2muco. The 
colourless blocks of [Zn(bpe)(fum)]·0.25H2O (8) were crystallized after two days 
(0.035 g, Yield 50%). 1H NMR ([D6]DMSO, 300 MHz, 298 K): δ = 8.60 (d, 4H, Py-
H), 7.60 (d, 4H, Py-H), 7.54 (s, 2H, CH=CH), 6.01 (s, 2H, fum); Elemental analysis 
calcd. for C16H12.5ZnN2O4.25 (8): C, 52.48; H, 3.44; N, 7.65, Found: C, 51.53; H, 3.57; 
N, 7.53. 
3.2.5.2 UV irradiation of complexes  
Photodimerization reactions were carried out using fibre optics of MAX-150 
xenon light source (150 W) of 60% intensity and wave length range 280-350 nm.  
Conversion of 6 to 9: Light yellow blocks of single crystals of [Zn(rctt-
tpcb)1/2(muco)]·DMF·H2O (9) were obtained by UV irradiation of single crystals of 6 
for 30 min. 1H NMR (D2O, 300 MHz, 298 K): δ=8.33 (d, 4H, Py-H), 7.36 (d, 4H, Py-





analysis calcd. for C21H23ZnN3O6 (9): C, 52.68; H, 4.84; N, 8.78, Found: C, 52.61; H, 
4.52; N, 8.06. 
Conversion of 7 to 10: Light yellow blocks of single crystals of [Zn(rctt-
tpcb)1/2(bdc)]·DMF (10) were formed by complete conversion of single crystals of 7 
under similar conditions described for 9. 1H NMR ([D6]DMSO, 300 MHz, 298 K): 
δ=8.34 (d, 4H, Py-H), 7.21 (d, 4H, Py-H), 4.65 (s, 2H, CH-CH), 8.03 (s, 4H, bdc). 
Elemental analysis calcd. for C23H21ZnN3O5 (10): C, 56.98; H, 4.37; N, 8.67, Found: 
C, 55.44; H, 4.07; N, 7.74. 
Conversion of 8 to 11: Compound [Zn(rctt-tpcb)1/2(fum)]·0.25H2O (11) was 
obtained similar to 9 and 10 but the single crystalline nature were lost. 1H NMR 
([D6]DMSO, 300 MHz, 298 K): δ=8.34 (d, 4H, Py-H), 7.21 (d, 4H, Py-H), 4.65 (s, 
2H, CH-CH), 6.01 (s, 2H, fum). Elemental analysis calcd. for C16H12ZnN2O4 (11): C, 
52.48; H, 3.44; N, 7.65, Found: C, 51.18; H, 3.51; N, 7.35. 
3.2.5.3 X-ray Crytallography 
 Single Crystals suitable for data collection obtained during synthesis were 
chosen under an optical microscope and mounted on glass fibres and frozen under a 
stream of cryogenic nitrogen gas before data collection. Crystal data were collected 
on a Bruker APEX diffractometer attached with a charge-coupled device (CCD) 
detector and graphite-monochromated Mo Kα radiation (λ, 0.71073 Å) at 223 K. An 
empirical absorption correction was applied to the data using the SADABS program.21 
Both the structures were solved by direct methods and refined on F2 by full-matrix 
least-squares method using SHELXTL.22 The crystallographic data for 6 ‒ 10 are 
summarized in Table 3.6. All non-hydrogen atoms were refined with anisotropic 
displacement parameters except for the disordered atoms. The C-H hydrogen atoms 





parameters of hydrogen atoms in water molecule. In 6, DMF is disordered into two 
positions with occupancy ratio 66:34. H atoms of the water were located from 
different map and refined with restraints in bond length and thermal parameters. In 7, 
the carbon atoms of the DMF were disordered into two positions with occupancy ratio 
58:42. 
 
Table 3.6 Crystal data and refinement parameters for complexes 6 ‒ 10 
Formula C21H23ZnN3O6 (6) C23H21N3O5Zn (7) C16H12.5N2O4.25Zn (8) 
Fw 478.79 484.80 366.15 
cryst syst Orthorhombic Orthorhombic Triclinic 
space group Pbca Pbca Pī 
a (Å) 13.7372(16) 13.7982(7) 8.6690(8) 
b (Å) 14.7731(17) 16.2380(8) 10.0756(9) 
c (Å) 21.075(7) 19.0994(10) 10.4639(10) 
α (deg) 90 90 83.766(2) 
β (deg) 90 90 66.633(2) 
γ (deg) 90 90 68.524(2) 
V (Å3) 4277.0(9) 4279.3(4) 780.04(12) 
Z 8 8 2 
Dcalcd (g/cm3) 1.487 1.435 1.559 
μ (mm-1) 1.191 0.815 1.597 
λ (Å) 0.71073 0.71073 0.71073 
Data [I > 
2σ(I)]/params 
4912/336 4908/321 3567/217 
GOF on F2 1.066 1.116 1.082 
final R indices [I  
> 2σ(I)]a,b 
R1 = 0.0518 
wR2 = 0.1077 




final R indices (all 
data) a,b 
R1 = 0.0715 
wR2 = 0.1165 
R1 = 0.0686  
wR2 = 0.1250 
R1= 0.0386 
wR2= 0.0903 
a R1 = Σ||Fo|  ̶  |Fc||/ Σ|Fo|, b wR2 = [Σw(Fo2  ̶  Fc2)2/Σw(Fo2)2]1/2 , on w = 1/[σ2Fo2 + 







Continued Table 3.6 
Formula C21H23ZnN3O6 (9) C23H21N3O5Zn (10) 
fw 478.79 484.80  
cryst syst Orthorhombic Orthorhombic 
space group Pbca Pbca 
a (Å) 13.500(3) 13.5707(15) 
b (Å) 14.702(3) 15.0060(17) 
c (Å) 21.245(5) 19.0994(10) 
V (Å3) 4216.7(16) 4087.9(8) 
Z 8 8 
Dcalcd (g/cm3) 1.508 1.435 
μ (mm-1) 1.208 0.815 
λ (Å) 0.71073 0.71073 
Data [I > 2σ(I)]/params 4831/288 3585/321 
GOF on F2 1.079 1.116 
final R indices [I   > 2σ(I)]a,b R1=0.0870 
wR2=0.1815 
R1 = 0.1037 
wR2 =0.2352 
final R indices (all data) a,b R1 = 0.1312 
wR2 = 0.2005 
R1 = 0.1362   
wR2 =  0.2576 
a R1 = Σ||Fo|  ̶  |Fc||/ Σ|Fo|, b wR2 = [Σw(Fo2  ̶  Fc2)2/Σw(Fo2)2]1/2 , on w = 1/[σ2Fo2 + 
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Preface to Chapter 4 
 
 In this chapter, the synthesis, characterization and solid-state structures of 
Cu(II), Co(III), Mg(II), Cd(II) and Zn(II) coordination polymers/discrete metal-
complexes of muconate and cis, cis-muconate with auxiliary ligands have been 
described. All the compounds have been characterized by X-ray crystallographic 
techniques. These compounds reveal various structural architectures including 0D, 
1D, 2D and 3D coordination polymeric structures depending on the auxiliary ligands 
and reaction conditions. This chapter is divided into two sections. Section 1 describes 
the coordination polymers of Cu(II) and discrete metal-complexes of Co(III) and 
Mg(II) built with muconate and auxiliary ligands. Section 2 discusses the coordination 













































Synthesis of coordination polymeric structures by modular approach exploits 
the coordination susceptibilities of the metal ions towards multi-dentate organic 
ligands.1-3 A successful strategy in the construction of such thermodynamically stable 
and strong networks is to utilize dicarboxylate ligands with rigid backbone that are 
capable of binding metal ions. In this aspect, the introduction of longer rigid ligands, 
such as 1, 3-butadiene derivatives will lead to the formation of interesting structures 
with different chemical and physical properties. Muconate anion could be a good 
example of such conjugated dienes. The neutral molecule exists mainly in two 
isomers discussed in Chapter 1. Both isomers can act as linear spacers. These ligands 
having conjugated double bonds would be good linear spacers for the construction of 
interesting multidimensional coordination polymers. These polymers are expected to 
exhibit interpenetrated and/or porous compounds depending on the experimental 
conditions. These coordination polymers can trap water molecules in their hydrophilic 
pockets or channels to form water aggregates. Further, solid-state polymerization of 1, 
3-butadiene derivatives have been extensively studied.4 These conjugated dienes may 
also be aligned in the solid-state using the coordination properties of various metal 
ions in the coordination polymers or metal-complexes to prepare highly crystalline 
butadiene polymers containing metal ions.  
In this section, solid-state structures of Mg(II)- and Co(III)-salts and Cu(II) 
coordination polymeric compounds of muconate ligand which yielded single crystals 
have been described. Effect of auxiliary ligand on the topology of network has also 







4.1.2 Results and Discussion 
 Mg‒O bond is very stable. Hence Mg(II) has the ability to coordinate aqua 
ligand to construct Mg(II) coordination sphere which can be used to align muco2- 
anions for photochemical (2+2) cycloaddition to obtain ladderane. In 12, 
Mg(phen)(H2O)4 coordination sphere has been obtained which formed hydrogen-bond 
with muco ligand. However, the muco ligands were not aligned in the crystal lattice. 
Further, Co(NH3)6Cl3 complex is known to be very stable as NH3 has strong affinity 
to Co(III) to form Co(NH3)63+ unit. Therefore, Co(NH3)6Cl3 complex has been used to 
make metal-salt of muco2- anion, where NH3 of Co(NH3)63+ can align muco2- in the 
crystal lattice. This way Co(NH3)6 coordination sphere can be used for aligning 
muconate ligand. As expected muco ligands have been aligned in 13 by the assistance 
of hydrogen bonding with NH3, but the compound has been found to be photostable.  
 Because of multiple coordination geometry, Cu(II) has the ability to form 
coordination polymeric compounds of diverse topology with organic ligands. 
Depending on the auxiliary ligand, muco ligand forms lower or higher dimensional 
coordination polymers with Cu(II). Chelating ligand tpy has three py rings and it 
forms 0D coordination polymer with Cu(II), whereas phen and bpy having two py 
form 1D coordination polymers. On the other hand, being spacer ligand 4,4′-bpy 
forms 3D coordination polymer with Cu(II) and muco lignad. 
4.1.2.1 Synthesis 
 A series of compounds of H2muco have been synthesized in moderate yield. 
Among these complexes, [Mg(phen)(H2O)4](muco), 12 and 
[Co(NH3)6](muco)⋅Cl⋅(H2O)2, 13 were obtained by slow diffusion method. On the 
other hand, the compound [Cu2(tpy)2(muco)(NO3)2], 14; 





[Cu(4,4′-bpy)(muco)(H2O)2], 17 were synthesized by refluxing Cu(NO3)2·4H2O with 
Na2muco and auxiliary ligand in a mixture of H2O and MeOH. On slowly evaporating 
the solution at room temperature, blue single crystals of all of the complexes were 
obtained.    
4.1.2.2 Description of crystal structures   
4.1.2.2.1 [Mg(phen)(H2O)4](muco), 12 
The complex 12 crystallizes in monoclinic, space group C2/c. It consists of 
[Mg(phen)(H2O)4]2+ cation and muco2- anion (Figure 4.1), in which each Mg(II) 
centre adopts a octahedral geometry, coordinated by two N atoms of a phen ligand 
(Mg1-N1 2.188(8) and Mg1-N2 2.243(10) Å) and O atoms of four coordinated water 
molecules (Mg1-O1 2.047(7), Mg1-O2 1.983(7), Mg1-O3 2.023(7), Mg1-O4 2.047(7) 
Å). The muco2- anion remains uncoordinated. However, aqua ligands donate 
hydrogen atoms to the non-coordinating muconate O atoms to form relatively strong 
hydrogen bonds. The O···O separations span from 2.578(9) − 2.755(9) Å and the 
OH···O distances vary from 1.76(7) Å (for H4O··· O6) to 1.92(5) Å (for H20···O7). 




Figure 4.1 Perspective view of the [Mg(phen)(H2O)4]2+ complex cation, and muco2- 





 The complex cations are arranged in such a way that each phen ligand is 
sandwiched by two symmetry-related, antiparallel phen ligands from different cations 
with the mean interplanar distances alternatively of 3.63 and 3.72 Å. This observation 
implies that significant intermolecular π–π stacking interactions play vital role in 
assembling the complex cations into 2D positively charged layers in ac-plane. Muco2- 
anions propagate along b-axis holding the [Mg(phen)(H2O)4]2+ units by hydrogen 
bonding (Figure 4.2). 
    
Figure 4.2 Supramolecular assembly of the [Mg(phen)(H2O)4]2+ complex cations 
based on intermolecular π–π stacking interactions into 2D layer in 12 (Left). 
Propagation of muco2- anions along b-axis (Right). 
  
4.1.2.2.2 [Co(NH3)6](muco)⋅Cl⋅2H2O, 13 
X-ray crystallography reveals that the compound 13 crystallizes in chiral 
orthorhombic space group, P212121. It comprises [Co(NH3)6]3+ complex cation, an 
uncoordinated muco2- anion, chloride anion and crystal water molecules. Within the 
complex cations (Figure 4.3), Co(III) centres are octahedrally coordinated by six N 






Figure 4.3 Perspective view of the [Co(NH3)6]3+ complex cation, lattice H2O 
molecules and muco2- and Cl¯ anion.  
 
 The muco2- anions orient infinitely in slip-stacked fashion between the layers 
of positively charged [Co(NH3)6]3+ cations stabilized by extensive hydrogen bonding 
with NH3 ligands and lattice water molecules. The separation between the centroids of 
stacked C=C bonds of adjacent muconate ligands ranges from 4.184 and 4.168 to 
4.184 Å (Figure 4.4), which is within the required distance for [2+2] 
photodimerization (<4.2 Å), the topochemical criteria established by Schmidt.5 
However, preliminary experiments indicated that 13 is photostable probably due to 






Figure 4.4 Perspective view along the b-axis showing the details of the stacking of 
double bonds of muconate ligands and hydrogen bonding pattern.  
 
4.1.2.2.3 [Cu2(tpy)2(muco)(NO3)2], 14 
X-ray crystallography reveals that the compound 14 crystallizes in triclinic 
space group Pī. The asymmetric unit contains Cu(II) center, which adopts a distorted 
octahedral geometry, bonded to a tpy ligand coordinated through three pyridine N 
atoms (Cu1-N1, 2.017(2);  Cu1-N2, 1.943(1) Å and Cu1-N3, 2.018(1) Å), chelating 
muconate O atoms (Cu1-O4, 1.948(1) Å and Cu1-O5, 2.691 Å), and a monodentate 






Figure 4.5 A perspective view of 14 showing coordination environment around 
Cu(II). Disordered O atom of the NO3¯ is not shown for the clarity. 
 
 
The compound 14 forms a discrete binuclear complex by muconate as a bridge 
(Figure 4.6). However, the complex forms a 2D supramolecular assembly relying on 








Figure 4.6 a) The structure of binuclear complex 14. b) Supramolecular assembly of 
the complex 14 based on intermolecular non-bonding interactions into 2D layer (H 






4.1.2.2.4 [Cu2(bpy)2(muco)2(H2O)2]⋅(H2O)2, 15 
Single-crystal X-ray diffraction reveals that the compound 15 crystallizes in a 
triclinic space group Pī. The asymmetric unit contains Cu(II) center, which adopts a 
distorted octahedral geometry, bonded to a bpy ligand disposed in cis-fashion 
coordinated through pyridine N (Cu1-N1, 2.026(2) and Cu1-N2, 2.017(2) Å), two 
carboxylate O (Cu1-O1, 1.970(1) Å; Cu1-O2, 2.670 Å and Cu1-O3, 1.938(2) Å), and 
an aqua ligand (Cu1-O5, 2.252(2) Å). The asymmetric unit further contains a lattice 
water molecule (Figure 4.7). 
 
Figure 4.7 A perspective view of 15 showing coordination environment around 
Cu(II). 
 
The connectivity of the neighbouring carboxylate oxygen atoms with Cu(II) 
centres results in a 1D zigzag coordination polymer (Figure 4.8a). These 1-D zigzag 
chains are further hydrogen-bonded to form 2-D framework (Figure 4.8b). The aqua 
ligand makes a strong intermolecular hydrogen bond with the coordinated oxygen of 
muconate resulting from O5 ̶ H5A···O1 (1-x,1-y,-z) hydrogen bond (Figure 4.8c). A 
hydrogen-bonding pattern formed by the aqua ligand O5 and the lattice water 
molecule O6, promotes a 2-D layer network of the complex (Figure 4.8d). The lattice 





chains. According to a hydrogen bonds graph-set approach which suggested by Etter 
et al.6 this network contained three different kinds of ring (R) with hydrogen bond 
interactions: R22(8), R44(8) and R44(16). R22(8) and R44(8) propagate approximately 
along b-axis to form T4(0)6(0)A(0), on the other hand R44(8) and R44(16) propagate 
along a- axis to form T4(2)16(2). 
     
                                                                
      
               
 
 
Figure 4.8 a) A portion of the 1-D zigzag coordination polymeric structure of 15. b) 
Hydrogen bonding in 1-D zigzag chains forming 2-D sheet. c) Illustration of 
hydrogen bonding between two chains. d) 2-D hydrogen bonded pattern formed by 
R22(8), R44(8) and R44(16). R22(8) and R44(8) propagate approximately along b-axis to 









4.1.2.2.5 [{Cu(phen)(H2O)}2(muco)](NO3)2, 16 
A perspective view of complex 16 is shown in Figure 4.9. The Cu(II) center 
displays a distorted square pyramid geometry (τ = 0.093) in which an phen N (Cu1-
N1, 2.017(1) and Cu1-N2, 2.011(1) Å), two carboxylate O (Cu1-O1, 1.958(1) Å; 
Cu1-O2, 1.959(1) Å) form the base of a square while an aqua ligand (Cu1-O8, 
2.137(2) Å) occupies apical position. Two such Cu(II) centres are bridged by two 
dicarboxylate ligands such that the phen pairs are stacked parallel with π···π 
interaction (Figure 4.9). Asymmetric unit further contains a NO3¯ anion hydrogen 
bonded to aqua ligand.  
 
Figure 4.9 A perspective view of 16 showing coordination environment around 
Cu(II). 
 
The connectivity of muconate ligands generates a zigzag 1D coordination 
polymer (Figure 4.10a). The zigzag coordination polymer propagates along c-axis. 
The aqua ligands are hydrogen bonded to the oxygen atoms of the nitrate anions thus 
producing a 3D hydrogen-bonded network structure as shown in Figure 4.10b, while 
Figure 4.10c shows the hydrogen bonded H2O-NO3¯ aggregates with helical 
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Figure 4.11 A perspective view of 17 showing coordination environment of Cu(II). 
 
In compound 17, the Cu(II) centres act as four-connecting nodes and both of 
muconate and 4,4′-bpy ligands act as linear bridges between the metal atoms. The 
connectivity of their Cu(II) centres lead to the formation of 3D network with CdSO4 
topology (Figure 4.12a).8 The large cavity space is reduced by three- fold 
interpenetration (Figure 4.12b). Because of 3-fold interpenetration, the unit cell 
contains no residual solvent accessible area calculated by PLATON.9 In addition, the 
interpenetration mode is stabilized through hydrogen bonding between the 
coordinated water molecules and the uncoordinated O atoms of muconate ligand from 
the adjacent interlocking sheets with the O⋅⋅⋅⋅O distance of 2.764 Å. Notably, two 







                      
       
Figure 4.12 a) Connectivity showing the formation of single CdSO4 net. b) A 
representation of three-fold interpenetrated net of CdSO4 topology taking Cu(II) 
centre as node. 
 
4.1.3 Physicochemical Studies 
4.1.3.1 IR spectra 
  The asymmetric νas(COO-) and symmetric νs(COO-) stretching vibrations of  
carboxylate in the free muconic acid ligand have been observed at 1681 and 1418 cm-
1 respectively which have been shifted in the anions 12 & 13 and complexes 14‒17. 
Selected IR bands are given in Table 4.1. 
Table 4.1 IR spectral data of 12-17 
Complex υ(OH) υas(COO-) υs(COO-) Δυ 
































4.1.3.2 Thermogravimetric analysis 
 TGA for 12 to 17 are summarized in Table 4.2. TG of 12 showed the weight 
loss of 20.4% (calculated 20.6%) for the loss of all water molecules. The compound 
13 has two lattice water molecules and the weight loss observed is 9.8% (calculated 
8.8%). The compound 14 does not have any solvent molecule and it decomposes at 
250°C.  The TGA of air-dried 15 displayed the weight loss of 9.2% (calculated 9.1%) 
corresponding to the loss of four water molecules i.e. two bonded water molecules 
and two lattice water molecules. The TG of 16 showed the weight loss of 4.5% 
(calculated 4.5%) for the loss of coordinated two molecules. Weight loss of 10.1% 
(calculated 9.1%) corresponding to two water molecules have been found to occur at 
30-146 °C in 17.   
 
Table 4.2 TG data of 12 to 17 
 




Wt. loss (%) Decomp. temp. 
(°C) 
     























2 coordinated H2O 
+ 2 lattice H2O 




2 H2O 100-136 4.5 (4.5) 250 










 Several main group and transition metal complexes of muco ligand have been 
synthesized and characterized by X-ray crystallography. Depending on the 
experimental conditions, the muco ligand forms ionic complexes, monomeric or 
coordination polymeric structures in presence of auxiliary ligand. Cu(II) displays 3D 
coordination polymer with 4,4′-bpy and 1D coordination polymeric structure in 
presence of bpy and phen ligand whereas it forms monomeric complex with tpy 
predictally. In 12 and 13, muco2- did not bind to metal resulting to the formation of 
ionic complexes due to strong affinity of NH3 and H2O to Co(III) and Mg(II) 
respectively. Compound 16 forms NO3¯ salt with helical water-nitrate anion 
agglomeration whereas there is no NO3¯ anion in the crystal lattice for bpy ligand in 
15. Compound 17 forms interesting CdSO4 network with 3-fold interpenetration. 
 Of course, not all the crystallization efforts provided optimistic results. There 
are often times where progress becomes stagnant when suitable good quality single 
crystals cannot be obtained for further data collection or there is only homogenous 
solution mixture or precipitate formed in the reaction. Several attempts have been 
employed to grow single crystals of other transition and lanthanide metal ion 
complexes e.g. Mn(II), Fe(III), Co(II), Ni(II), Zn(II), Cd(II), Ce(III), Pr(III), Nd(III), 
Sm(III), Eu(III), Gd(III) etc. But only the single crystals of 12 – 17 have been 
obtained. Therefore, attempt has been made to rationalize the structures based on the 










4.1.5.1 Synthesis of the complexes  
All chemicals were purchased from Aldrich and used without further 
purifications. 
[Mg(phen)(H2O)4](muco), 12 
A methanol solution (2 mL) of Mg(CH3COO)2·4H2O (0.107 g, 0.5 mmol) was 
slowly and carefully layered to a solution of phen (0.099 g, 0.5 mmol) and H2muco 
(0.072 g, 0.5 mmol) in MeOH/H2O (1:1; 4 mL) in presence of NaOH (0.040 g, 1.0 
mmol). Colourless block crystals were obtained after one week. The crystals were 
separated and washed with a methanol/water (1:1) mixture and dried. Yield: 0.109 g, 
50%. Elemental analysis (%) calcd for C18H20MgN2O8 (12): C 51.89, H 4.84, N 6.72; 
found: C  51.21, H  4.34, N 6.89. 
[Co(NH3)6](muco)(H2O)2, 13 
Co(NH3)6Cl3 (0.134 g, 0.5 mmol) was added to a stirring colorless solution of 
H2muco (0.072 g, 0.5 mmol) dissolved in H2O (10 mL) in the presence of NaOH 
(0.040 g, 1 mmol). After a few minutes, the solution was then filtered and layered 
with acetone and left to stand at room temperature. Orange-red crystals of 13 suitable 
for X-ray analysis were obtained after several days. Yield: 0.075 g, 40%. Elemental 
analysis (%) calcd for C6H26ClCoN6O6 (13): C 19.34, H 7.03, N 22.55; found: C  
19.82, H 6.25, N 22.29. 
[Cu2(tpy)2(muco)(NO3)2], 14 
 Cu(NO3)2·3H2O (0.125 g, 0.5 mmol), H2muco (0.072 g, 0.5 mmol), NaOH 
(0.040 g, 1.0 mmol) and tpy (0.012 g, 0.5 mmol) in 10 ml  of 50% aqueous MeOH 





temperature to get blue distorted octahedral shaped crystals after a day. The hand-
picked blue crystals were washed with 50% aqueous MeOH and dried. Yield: 0.150 g, 
70%. Elemental analysis (%) calcd for C36H26Cu2N8O10 (14): C 50.41, H 3.06, N 
13.06; found: C  50.27, H 3.25, N 12.57. 
 [Cu2(bpy)2(muco)2(H2O)2](H2O)2, 15 
The compound 15 was synthesized by a similar procedure adopted for 14 
using bpy (0.015 g, 0.5 mmol) as auxiliary ligand instead of tpy. Blue block shaped 
crystals after a day. The hand-picked blue crystals were washed with 50% aqueous 
MeOH and dried. Yield: 0.148 g, 75%. Elemental analysis (%) calcd for 
C32H32Cu2N4O12 (15): C 48.55, H 4.07, N 7.08; found: C 48.59 H 4.05 N 7.07 
[{Cu(phen)(H2O)}2(muco)](NO3)2, 16 
The compound 16 was synthesized by a similar procedure adopted for 14 
using phen (0.019 g, 0.5 mmol) as auxiliary ligand instead of tpy. Blue block shaped 
crystals were obtained in few days. Yield: 0.143 g, 70%. Elemental analysis (%) calcd 
for C30H24Cu2N6O12 (16): C 45.75, H 3.07, N 10.67; found: C 45.93, H 3.31, N 10.49. 
[Cu(4,4′-bpy)(muco)(H2O)2], 17 
 The compound 17 was synthesized by a similar procedure adopted for 14 
using 4,4′-bpy (0.015 g, 0.5 mmol) as auxiliary ligand instead of tpy. Blue block 
shaped crystals were obtained. Yield: 0.039 g, 20%. Elemental analysis (%) calcd for 
C16H16CuN2O6 (Crude 17): C 46.43, H 4.38, N 6.77; found: C 46.22, H 4.15, N 6.62. 
4.1.5.2 X-ray Crystallography 
 The details of crystal data and refinement parameters for 12‒17 are given in 
the table 4.3. Crystal data were collected on a Bruker APEX diffractometer attached 





radiation (λ, 0.71073 Å) at 223 K. An empirical absorption correction was applied to 
the data using the SADABS program.10 The structures were solved by direct methods 
using and refined on F2 by full-matrix least-squares procedures with SHELXTL.11 
Most of the hydrogen atoms of the water molecules were located in Fourier 
difference. However, the distances and angles were constrained by the option DFIX. 
Table 4.3 Crystallographic data and structure refinement details of 12-17 
Formula C18H20MgN2O8(12) C6H26ClCoN6O6(13) C36H26Cu2N8O10 (14)
fw 430.67 372.71 857.73 
cryst syst Monoclinic Orthorhombic Triclinic 
space group C2/c P212121c Pī 
a (Å) 23.31(4) 6.9266(3) 8.2177(9) 
b (Å) 12.11(2) 11.5018(4) 10.6617(11) 
c (Å) 15.41(3) 20.5539(7) 11.2103(12) 
α (deg) 90.00 90.00 62.080(2) 
β (deg) 100.49(4) 90.00 82.010(2) 
γ (deg) 90.00 90.00 84.451(2) 
V (Å3) 4277(13) 1637.50(11) 858.88(16) 
T (K) 223 223 223 
Z 8 4 1 
Dcalcd (g/cm3) 1.338 1.512 1.658 
μ (mm-1) 0.132 1.242 1.312 
λ (Å) 0.71073 0.71073 0.71073 
data [I > 
2σ(I)]/params 
2338/299 2831/203 3822/257 
GOF on F2 1.124 1.073 1.063 
final R indices 
[I > 2σ(I)]a,b 
R1 = 0.1611 
wR2 = 0.3703 
R1 = 0.0220 
wR2 = 0.0573 
R1 = 0.0247 
wR2 = 0.0680 
final R indices 
(all data) a,b 
R1 = 0.2088 
wR2 = 0.4022 
R1 =  0.0226 
wR2 =  0.0577 
R1 = 0.0254 
wR2 = 0.0686 
a R1 = Σ||Fo|  ̶  |Fc||/ Σ|Fo|, b wR2 = [Σw(Fo2  ̶  Fc2)2/Σw(Fo2)2]1/2  





Table 4.3 Continued 
Formula C32H32Cu2N4O12(15) C30H24Cu2N6O12 (16) C16H16CuN2O6(17) 
fw 791.70 787.63 395.85 
cryst syst Triclinic Monoclinic Monoclinic 
space group Pī C2/c C2/c 
a (Å) 8.7526(5) 20.125(3) 17.175(5) 
b (Å) 9.9887(6) 10.4837(11) 12.034(3) 
c (Å) 11.2859(7) 17.0477(16) 8.324(2) 
α (deg) 116.2250(10) 90.00 90.00 
β (deg) 107.3190(10) 120.263(2) 113.606(5) 
γ (deg) 92.4780(10) 90.00 90.00 
V (Å3) 827.21(9) 3106.7(6) 1576.4(7) 
T (K) 223 223 223 
Z 1 4 4 
Dcalcd (g/cm3) 1.648 1.684 1.668 
μ (mm-1) 1.356 1.446 1.423 
λ (Å) 0.71073 0.71073 0.71073 
data [I > 
2σ(I)]/params 
2751/242 2556/234 1205/123 
GOF on F2 1.115 1.060 1.057 
final R indices 
[I > 2σ(I)]a,b 
R1 = 0.0274 
wR2 = 0.0731 
R1 = 0.0304 
wR2 = 0.0791 
R1 =  0.0426 
wR2 = 0.1100 
final R indices 
(all data) a,b 
R1 = 0.0288 
wR2 =  0.0740 
R1 = 0.0339 
wR2 = 0.0814 
R1 = 0.0525 
wR2 = 0.1150 











Table 4.4 Hydrogen bond parameters f of 12  
D-H           d(D-H)  d(H..A) <DHA    d(D..A)    A Symmetry 
O1-H1O        0.85(6)   1.84(6) 166(9) 2.673(10) O5 [1-x, 1-y, -z] 
O1-H2O        0.84(5)   1.92(5) 172(8) 2.755(9) O7 [-1+x, y, z] 
O2-H3O     0.85(5)   1.77(6) 158(8) 2.578(9)     O8  
O2-H4O      0.85(6) 1.76(7)       168(9) 2.598(10)   O6 [2-x, -y, -z] 
O3-H5O 0.85(5) 1.88(5) 173(8) 2.732(9) O5  
O3-H6O 0.85(6) 1.91(6) 165(8) 2.743(10) O7  
O4-H7O   0.85(8) 1.90(8) 160(7) 2.717(12) O6  
O4-H8O 0.85(7) 1.80(7) 170(9) 2.644(10) O8  




















Table 4.5 Hydrogen bond parameters of 13 
D-H           d(D-H)  d(H..A) <DHA    d(D..A)     A Symmetry 
N1-H1A     0.90    2.13 150 2.942(2) O1  
N1-H1B     0.90    2.09 174 2.984(2) O7 [1-x, -1/2+y, 1/2-z] 
N1-H1C     0.90      2.36 162 3.229(2)       O8  
N2-H2A     0.90 2.21        134 2.902(3)       O5  
N2-H2B 0.90 2.50 150 3.306(2) Cl1 [1/2+x, 1/2-y, -z] 
N2-H2C 0.90 2.16 158 3.013(2) O3 [3/2-x, 1-y, -1/2+z] 
N3-H3A   0.90 2.50 158 3.350(2) Cl1 [1+x, y, z] 
N3-H3B   0.90 2.24 164 3.115(2) O1 [1+x, y, z] 
N3-H3C 0.90 1.99 160 2.853(2) O3 [3/2-x, 1-y, -1/2+z] 
N4-H4A 0.90 2.06 165 2.936(2) O1 [1+x, y, z] 
N4-H4B 0.90 2.15 156 2.992(3) O6 [1+x, y, z] 
O5-H5A 0.72(2) 2.18(2) 166(3) 2.883(3) O1 [1-x, 1/2+y, 1/2-z] 
O5-H5B 0.73(2) 2.12(2) 163(3) 2.827(2) O2  
N4-H4C 0.90 2.12 156 2.961(2) O3 [1/2+x, 1/2-y, 1-z] 
N5-H5D 0.90 2.04 157 2.886(3) O6 [1+x, y, z] 
N5-H5E 0.90 2.41 173 3.302(2) Cl1 [1/2+x, 1/2-y, -z] 
O6-H6A 0.73(2) 2.01(2)  152(3) 2.678(3) O4 [1/2-x, -y, -1/2+z] 
O6-H6B 0.73(3) 2.68(3) 151(3) 3.334(2) Cl1  
N6-H6C 0.90   2.16 167 3.046(3) O5  
N6-H6D 0.90   2.26 154 3.096(2) O2 [1+x, y, z] 










Table 4.6 Hydrogen bond parameters of 15 
D-H           d(D-H)  d(H..A) <DHA    d(D..A)    A Symmetry 
O5-H5A         0.74(3)   2.03(3) 173(3) 2.765(3) O1 [1-x, 1-y, -z] 
O5-H5B         0.73(3)   2.05(3) 173(3) 2.783(3) O1S [-1+x, y, z] 
O6-H6A     0.74(3)   2.05(3) 171(4) 2.783(3)     O4  




Table 4.7 Hydrogen bond parameters of 16 
D-H         d(D-H)  d(H..A) <DHA   d(D..A)    A Symmetry 
O3-H3A   0.88(3)    2.09(2) 150(3) 2.881(3) O4  
O3-H3A   0.88(3)     2.28(3) 144(2) 3.037(3) O6 [1/2-x, 1/2+y, 1/2-z] 
O3-H3B   0.73(3)    2.05(3) 171(4) 2.783(3)     O5  
 
 
Table 4.8 Hydrogen bond parameters of 17 
D-H           d(D-H)  d(H..A) <DHA    d(D..A)    A Symmetry 
O1S-H1S       0.72(4)   2.04(4) 157(4) 2.722(3) O2 [x, 2-y, -1/2+z] 












Coordination Polymers of Zn(II)/Cd(II), 
















Transition metal ions are widely used to synthesize coordination polymers of 
desired structures and properties because of their versatile coordination geometry 
(linear, trigonal planar, T-shaped, tetrahedral, square-planar, square-pyramidal, 
octahedral, trigonal-prism etc.), while organic ligands act as bridging groups between 
metal ions.12 In this respect, cis,cis-H2muco is an excellent linear and rigid spacer 
ligand similar to H2muco which allows the construction of multi-dimensional 
coordination polymers. cis,cis-H2muco is a geometric isomer of H2muco, which will 
display different physical and chemical properties from its isomer. As such, it is our 
interest to explore and thus construct unique multi-dimensional structures with this 
ligand. The extension of the framework can be achieved by incorporating an N- donor 
co-ligand. Nitrogen-based ligand may lead to supramolecular assemblies by π-π 
interaction. 
Herein, we report the construction of Cd(II) and Zn(II) coordination polymers 















4.2.2 Results and Discussion 
4.2.2.1 Synthesis 
 The colourless crystals of [Cd3(cis,cis-muco)3(bpy)2], 18; [Zn2(cis,trans-
muco)2(4,4′-bpy)2]⋅4H2O, 19 and [Zn2(cis,cis-muco)2(bpe)2(H2O)2], 20 were obtained 
by diffusing ethanolic solution of Zn(NO3)2·6H2O and pyridine based co-ligand 
(bpy/4,4′-bpy/bpe) into aqueous solution of H2cis,cis-muco and NaOH in DMF-
MeOH in moderate yield.  
4.2.2.2 Description of crystal structures   
4.2.2.2.1 [Cd3(cis, cis-muco)3(bpy)2], 18 
X-ray crystallographic experiment reveals that 18 belongs to the monoclinic 
space group C2/c with Z = 4. There are two independent Cd(II) atoms present in the 
asymmetric unit, in which both Cd1 and Cd2 have distorted octahedral geometry.  A 
bpy ligand takes up an equatorial position while six oxygen atoms from three different 
cis,cis-muco ligands occupy the rest of the octahedral site. Of these, the three 
carboxylate groups act as bridging ligands between the Cd1 and Cd2 atoms (Figure 
4.13a). The topology of the 2D coordination polymer is dictated by the connectivity 
of two Cd1, one Cd2 and six muconate anion to form a repeating unit Cd3(cis,cis-
muco)6/2(bpy)2 (Figure 4.13b). There is a crystallographic twofold axis going through 
Cd2. 
Each tri-nuclear subunit then constitutes the nodes of the net structure, and the 
connectivity of their centroids generates a Shubnikov (3,6) plane net generated by 
TOPOS software.13 The shortest circuit is composed of three nodes, where each node 
is inter-connected to 6 others nodal units, hence forming a (3,6) net in the bc-plane 







Figure 4.13 a) A view of structure of 1 showing coordination geometry around Cd1 
and Cd2. b) A view of the tri-nuclear repeating unit in 18. 
 
It was calculated by PLATON8 that the effective unoccupied volume is 135 Å3 
per unit cell, which is 3.6% of the cell volume. The low porosity of the crystal could 
be a result of metal coordination with the “angled” ligand (i.e. bpy) which caused the 





Figure 4.14 a) The connectivity of the nodal unit giving a Shubnikov (3,6) net viewed 










Furthermore, the bpy ligand disposed at the equatorial position of Cd1 are 
aligned in parallel with a π-π distance of 3.609Å propagating along the a-axis (Figure 
4.15).  
     
 
 
Figure 4.15 a) A view showing the π-π interactions between 2,2'-bpy of adjacent 
layer. b) A graphical representation of the π-π interaction between adjacent layer. 
 
4.2.2.2.2 [Zn2(cis,trans-muco)2(4,4′-bpy)2]⋅4H2O, 19 
Compound 19, belongs to the monoclinic space group C2/c with Z = 12. In 19, 
the coordination geometry at Zn(II) is a distorted trigonal bipyrimidal. Each Zn(II) 
center has a pair of 4,4′-bpy ligands disposed in trans- fashion and two chelating 
muco ligand in cis-fashion. The two muco2- anions act as bridging ligands between 
two Zn(II) atoms and align a pair of bpy ligands to form a ladder polymer (Figure 
4.16) with a Zn···Zn distance of 3.88 Å. The pyridyl rings are aligned in parallel 
fashion with π···π distance of 3.78 Å propagating in the b-axis. There is a 
crystallographic centre of symmetry passing through the centre of pair of Cd(II) 
cations. The butadiene group of the muco ligand interconnects the “Cd2(muco)4/2” 
building blocks to form a (4,4) net in ab-plane. If the centers of the Cd2 dimers are 








          
 
 
Figure 4.16 a) Perspective view showing the orientation of bpy and muco ligands in 
the dimeric repeating unit of 19. Dashed lines show π···π interaction of 3.782Å 
between 4,4′-bpy molecules. The solvent molecules and the hydrogen atoms are not 
shown for the clarity. b) Stick model of the binuclear repeating unit in 19. 
 
The topology of 19 is found by considering the binuclear subunits as the nodes 
of the net structure and the connectivity of their centroids forms a shortest circuit 
comprising of four nodes, where each nodes is inter-connected to four other nodal 
units. Hence, the formation of highly distorted (4,4) square grid in the ab-plane 
(Figure 4.17).  
           
 
Figure 4.17 a) A view showing the connectivity of the nodal unit giving a two-
dimensional (4,4) square grid. b) A graphical diagram representing a (4,4) square grid 








These square grid 2D sheets are then stacked infinitely along b-axis (Figure 
4.18a) forming a relatively large cavity filled by H2O solvent which are strongly 
stabilized by hydrogen bonding (Figure 4.18b). Calculation using PLATON,8 shows 
that the effective volume occupied by solvents is 3960 Å3 per unit cell, which is 
26.6% of the cell volume.  
           
 
Figure 4.18 a) A graphical diagram representing a extended version of the π-π 
interaction between adjacent layer. b) A view showing the void space of 19. 
 
However, to our surprise, cis,cis-muconate ligand in 19 has been transformed 
into a cis,trans-muconate ligand and was found to be coordinated to the Zn(II) atom 
(Figuare 4.16). This is quite unexpected because no cis,trans-muconate was 
introduced in the reaction, and the starting material cis,cis-muconic acid was pure and 
has no trace of impurities as detected by 1H NMR (Appendix Figure A3). To the best 
of our knowledge, no documented example of such phenomenon was reported for 
cis,cis-muconate ligand under slow diffusion condition.  
It is important to show that the structure obtained from single crystal 
represents the bulk material for which the properties are tested. Moreover, reactions 
may often give more than one product. Hence, it is important to match PXRD patterns 
of the bulk with that of simulated patterns from the single crystal data. PXRD patterns 






single crystal data (Figure 4.19). This indicated that only one type of product 
(cis,trans-muco complex) has been obtained in the synthesis. 
 
Figure 4.19 PXRD patterns of simulated 19 (blue) and as-synthesized 19 (red). 
 
Nevertheless, we have found a similar case in the literature, reporting the 
conversion of fumarate to maleate ligand which further coordinates to metal cations 
under hydrothermal reaction condition.14 Lu et al postulated that this phenomenon 
could be due to the reaction with water molecule to produce chiral isomer which later 
forms coordination polymer. Hence, we suppose the reaction with water molecules to 
be one of the reasons for the transformation of cis,cis- to cis,trans-muconate anion 
which coordinates with Zn(II) predominately because it can lead to the formation of a 
more stable two-dimensional architectures. The detailed mechanism should be 
investigated further. 
4.2.2.2.3 [Zn2(cis,cis-muco)2(bpe)2(H2O)2], 20 
Compound 20, is a one-dimensional polymeric structure crystallized in a 
monoclinic space group Cc with Z = 4. The single-crystal X-ray analysis of 20 reveals 
that there are two independent Zn(II) atoms present in the asymmetric unit, in which 
both Zn1 and Zn2 have distorted tetrahedral geometry. Each Zn(II) is coordinated by 
one nitrogen atom of bpe ligand, oxygen atoms from two cis,cis-muconate ligands and 








one coordinated water, exhibiting a distorted  tetrahedral geometry (Figure 4.20a). 
The connectivity of the neighbouring carboxylate oxygen atoms with Zn(II) centres 
results in a 1D zigzag coordination polymer (Figure 4.20b) with the bpe ligands 
projecting alternatively perpendicular to the propagating direction of the polymer (c-
axis). The other ends of the pyridyl groups are uncoordinated. Such uncoordinated 
pyridyl groups in the linear spacers are uncommon. These 1-D zigzag chains are 
further hydrogen-bonded to form 2-D network in the ac-plane. The aqua ligand of one 
chain makes a strong intermolecular hydrogen bond with these uncoordinated 
nitrogen atoms of bpe ligands in the neighbouring chain resulting in O9-H9A…N2 
hydrogen bond (Figure 4.20c). Due to the highly corrugated nature 2D hydrogen 
bonded 1D polymer in ac-plane, they are doubly interpenetrated (Figure 2d).  
  
 
           
 
Figure 4.20 a) A perspective view of the structure of 20 showing the coordination 
geometry around Zn atom. b) A portion of the 1-D zigzag coordination polymeric 
structure of 20. c) Hydrogen bonding in 1-D zigzag chains forming 2-D sheet. d) 







The non-bonded Zn⋅⋅⋅N distances, and Å indicate that they can come closer to 
form bond upon removal of aqua ligands. In other words, the hydrogen bonded 
network in 20 appears to be favorable for topochemical reaction. Thermal dehydration 
is expected to remove the coordinated aqua ligand at relatively low temperature and 
favor the formation of Zn-N bonds and have 2D network structure. In fact a number 
of structural transformations have been reported by thermal dehydration process.15 
 
4.2.3 Physicochemical Studies 
4.2.3.1 IR spectra 
  The asymmetric νas(COO-) and symmetric νs(COO-) stretching vibrations of  
carboxylate in the free trans-muconic acid ligand have been observed at 1681 and 
1610 cm-1 respectively which have been shifted in the compound indicating the 
complexation. Selected IR bands are given in Table 4.9. Δυ values of 196 and 192 cm-
1 observed in 18 and 19 indicate bridging carboxylate and Δυ value of 209 cm-1 for 20 
suggests the monodentate carboxylate mode.  
 Table 4.9 IR spectral data of 18 - 20 
Complex υas(COO-) υs(COO-) Δυ  










4.2.3.2 Thermogravimetric (TG) studies 
The TG of compound 19 shows the loss of water occurs in the temperature 
region 27-90ºC. The total weight loss corresponds to the loss of four water molecules, 





compound occurs above 280°C (Figure 5.11). The TG of compound 20 shows the loss 
of coordinated H2O occurs in the temperature region 45-95ºC. The total weight loss 
corresponds to the loss of two aqua molecules, (weight loss found 5.4% and 




 To summarize, this particular work demonstrates the diversification of 
coordination polymers networks. It is possible to build structures with different 
dimensionalities using variety of metal ions and organic molecules. In our attempts to 
grow single crystals in a number of reactions we are successful only in 3 compounds. 
Of these, compound 18 is a 2D, (3,6) network structure with low porosity. Compound 
19 is an interesting 2D, (4,4) square grid structure which is the first example with 
cis,cis-muconate anion isomerizes into cis,trans-muconate anion during synthesis and 
connected to the Zn(II) atom. Because of this phenomenon, compound 19 has 
displayed amazing improvement in porosity compared to 18. Compound 20 is another 
interesting 1D zigzag with 1D→2D parallel interpenetration considering the hydrogen 
bonding interactions. The hydrogen bonded network in 20 is expected to undergo 
topochemical reaction upon removal of coordinated aqua molecules, giving a 
potentially large porous framework structure. Although the cis,cis to cis-trans 
isomerization is certained we are unable to rationalize the formation of this new 
isomer only in this reaction. Future research can be carried out to find out to 
investigate the cis,cis to cis,trans transformation in 19 and the study on the 







 All chemicals purchased were reagent grade and were used without further 
purification.  
4.2.5.1 Synthesis of the complexes 
[Cd3(cis,cis-muco)3(bpy)2], 18  
 Stock solutions of Cd(NO3)2⋅4H2O (0.617 g, 2 mmol) in 2 mL H2O, cis,cis- 
H2muco (0.284 g, 2 mmol) neutralized using NaOH (0.5 M) in 2 mL H2O and bpy 
(0.312 g, 2 mmol) in 2 mL methanol were prepared. First, 0.2 mL Cd(NO3)2⋅4H2O 
was added into the clean and dry fusion tube, followed  by slow injection of 0.2 mL 
cis,cis-Na2muco. Next, a layer of buffer H2O was added. Finally, 0.2 mL bpy solution 
was carefully layered above the buffer. The fusion tube was sealed and left to stand 
for slow diffusion at room temperature.  
The yellow block crystals of 18 were obtained after 5 days. The crystals were 
isolated by hand picking and dried in air. Crystals for elemental analysis were dried 
under vacuum for 15 minutes (0.048 g, yield = 69.0%). Elemental analysis (%) calcd 
for Cd3C38H28N4O12 (18): C 42.7, H 2.6, N 5.2; found: C 44.8, H 3.3, N 6.4.  
[Zn2(cis,trans-muco)2(4,4′-bpy)2]⋅4H2O, 19 
Compound 19 was obtained similar to 18, but 4,4′-bpy was used instead of bpy. The 
colourless needle-like crystals of [Zn2(cis,trans-muco)2(4,4′-bpy)2]⋅4H2O, (19) were 
obtained after two days (0.051 g yield = 60%). Elemental analysis calculated for 
Zn2C32H32N4O12 (19): C 48.3, H 4.1, N 7.0; Found: C 49.1, H 3.8, N 8.1.  TG weight 
loss for the fresh sample: Calcd for 4H2O: 9.1%; found: 9.6%. 
[Zn2(cis,cis-muco)2(bpe)2(H2O)2], 20 
Compound 20 was obtained similar to 18, but bpe was used instead of bpy.  The 





after two days (0.042 g, yield = 52%). IR (KBr pellets /cm-1): 1606 νas(-COO-), 1397 
νsy(-COO-). Elemental analysis calculated for Zn2C36H32N4O10: C 53.3, H 4.0, N 6.9; 
Found: C = 49.7, H 3.8, N 5.5. TG weight loss for the fresh sample: Calcd for 2H2O: 
4.4%; found: 5.4%. 
4.2.5.2 X-ray Crytallography 
 Single Crystals suitable for data collection obtained during synthesis were 
chosen under an optical microscope and mounted on glass fibres and frozen under a 
stream of cryogenic nitrogen gas before data collection. Crystal data were collected 
on a Bruker APEX diffractometer attached with a charge-coupled device (CCD) 
detector and graphite-monochromated Mo Kα radiation (λ, 0.71073 Å) at 223 K. An 
empirical absorption correction was applied to the data using the SADABS program.10 
Both the structures were solved by direct methods using and refined on F2 by full-
matrix least-squares procedures with SHELXTL.11 The crystallographic data for 18 - 
20 are summarized in Table 4.10. All non-hydrogen atoms were refined with 
anisotropic displacement parameters except for the disordered atoms. The C-H 














Table 4.10 Crystal data and refinement parameters for complexes 18-20. 
Formula Cd3C38H28N4O12 (18) Zn2C32H32N4O1 (19) Zn2C36H32N4O10(20) 
fw 1069.89 795.36 811.40 
cryst syst Monoclinic Monoclinic Monoclinic 
space group C2/c C2/c Cc c 
a (Å) 27.3596(14) 63.333(5) 17.8820(13) 
b (Å) 8.2557(4) 11.4136(9) 14.9418(8) 
c (Å) 17.7167(9) 15.0389(12) 14.1322(8) 
β (deg) 109.8670(10) 94.919(2) 114.9230(10) 
V (Å3) 3763.6(3) 10830.9(14) 3424.3(4) 
T (K) 223 223 223 
Z 4 12 4 
Dcalcd (g/cm3) 1.888 1.458 1.574 
μ (mm-1) 1.750 1.393 1.467 
λ (Å) 0.71073 0.71073 0.71073 
data [I > 
2σ(I)]/params 
3976/259 7072/667 4378/483 
GOF on F2 1.077 1.091 0.996 
Final R indices 
[I > 2σ(I)] a,b 
R1 = 0.0311 
wR2 = 0.0830 
R1 = 0.1256 
wR2 = 0.3349 
R1 = 0.0461 
wR2 = 0.0932 
final R indices 
(all data) a,b 
R1 = 0.0345 
wR2 = 0.0854 
R1 = 0.1538 
wR2 = 0.3580 
R1 = 0.0504 
wR2 = 0.0950 
a R1 = Σ||Fo|  ̶  |Fc||/ Σ|Fo|, b wR2 = [Σw(Fo2  ̶  Fc2)2/Σw(Fo2)2]1/2 
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Preface to Chapter 5 
 
 The construction of gold-based macrocycles from two different diphosphine 
ligands and H2muco as a spacer ligand is presented in this chapter. Two novel gold(I) 
macrocyclic compounds containing 26- and 28-membered rings were successfully 
designed and synthesized. The C=C bonds of the adjacent muco ligands were found to 
be aligned in a parallel fashion in the molecular structure and this prompted us to test 
the photoreactivities of both macrocyclic compounds in the solid state as well as in 
solution. Indeed, both macrocyclic compounds undergo photochemical [2+2] 
cycloaddition reactions under UV irradiation. To our surprise, we found out that only 
one pair of C=C bonds undergo photodimerization instead of the two pairs. UV 
irradiation of the Au(l) complexes led to the formation of the cyclooctadiene dimers 
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Our research group has been interested in carrying out photochemical [2+2] 
cycloaddition reactions in various organic molecules in the solid-state.3 In these, 
photochemical [2+2] cycloaddition reactions of dicarboxylic acids containing olefinic 
bonds are largely unexplored. Most of the photodimerization works have been carried 
out mainly on pyridine system. Further, in the dicarboxylic acid systems, 
photodimerization of dicarboxylic acids with more than one double bond is still rare. 
Here, muconate ligand was typically chosen as to obtain ladderane which is 
structurally similar to that of ladderane lipids5 and therefore could be of biological 
importance. Here, we made a deliberate attempt to align the two double bonds in 
muco2- anions in the solid-state by design to obtain similar ladderane motifs.  
Phuddephatt et al. synthesized a series of Au(I) macrocycles, rings and chains 
by using flexible diphosphine ligands PPh2(CH2)nPPh2 and linear bridging ligands.6 
When n = 1 or 2, there is a favourable aurophilic (Au···Au) interaction and the 
resulting syn conformation leads to formation of macrocyclic complexes with linear 
spacer ligands (Scheme 5.1). However, the intramolecular Au···Au bonding 
interactions would decrease progressively with increasing n and so the preferred 
structure would switch from the large rings to polymeric chains. 
 
Scheme 5.1 Au(I) macrocyclic complexes containing diphosphine ligands 






Recently our group have used Au(I) macrocycles, synthesized originally by 
Phuddephatt’s group containing bpe as spacer ligands (Figure 5.2) where 
Au(I)⋅⋅⋅⋅Au(I) interactions have been employed to align  C=C bonds between the 
adjacent bpe ligands for photochemical [2+2] cycloaddition.3b As such, we postulate 
that such a macrocyclic system may be exploited to align the pairs of olefinic bonds in 
H2muco for photoreaction.  
 
Scheme 5.2 Schematic representation of photoreaction of Au(I) complexes (n =1, 2). 
 
A unique feature of gold chemistry is the ability of Au(l) centers to form 
Au(I)⋅⋅⋅⋅Au(I) secondary bonding interactions, also called aurophilic interactions. 
These aurophilic interactions with distances from 2.5 to 4.0 Å may give bonding 
forces equivalent to hydrogen bonds.6 These aurophilic interactions can affect 
molecular conformations of gold complexes, as clearly seen in the Au2(dppm)Cl2 and 
Au2(dppe)Cl2 complexes (Figure 5.2). Both complexes are orientated in a U-shaped 
conformation. The two AuCl groups are orientated in the same direction due to the 
formation of favourable Au(I)⋅⋅⋅⋅Au(I) interactions, in a conformation which should 






                                                
 
Figure 5.2 Structures of precursor a) Au2(dppm)Cl2 and b) Au2(dppe)Cl2 complexes. 
In this project, we are interested in synthesizing similar macrocyclic molecules 
via self assembly using rigid oxygen donor building blocks. The combination of a 
phosphine based Au(I) acceptor unit together with H2muco, a linear dicarboxylate 
bridging ligands containing C=C bonds, is expected to yield neutral molecular cages 
via Au(I)···Au(I) interactions (Figure 5.3).   
 
Figure 5.3 Schematic representations of the proposed gold macrocycles. 
After obtaining the proposed macrocyclic structures, we intend to 
photodimerize the pairs of C=C bonds to synthesize the proposed ladderane structures 
(Figure 5.4). 
 








However, we do not rule out the possibility of the formation of cyclooctadiene 
derivative due to the photodimerization of one pair of C=C bonds instead of two pairs 
followed by a Cope rearrangement (Figure 5.5).  
                                                 
Figure 5.5 Schematic representation of proposed dimerization of synthesized gold(I) 
macrocycles. 
 
One such example has been reported by Okada and his co-workers.8 They 
attempted to dimerize muconate ligand aligned in the crystals of 2,4-hexadiyne-1,6-
diammonium (E,E)-muconate with a distance of 3.8 Å between the nearest diene 
carbons of the adjacent muconates. It is expected to form ladderane by stepwise [2 + 
2] dimerization. However, there was no evidence suggesting the formation of 
ladderane. Instead [2 + 2] dimer was formed by the crystalline-state photoreaction of a 
pair of double bonds, and then dimer thermally isomerized to form cyclooctadiene 
dimer via Cope rearrangement as shown in Scheme 5.3.  
 
 
Scheme 5.3 Schematic representation of photoreaction of (E,E)-muconate in crystals 





5.2 Results and Discussion 
5.2.1 Synthesis 
 The precursors, Au2(dppm)Cl2 and Au2(dppe)Cl2 were prepared as colourless, 
air stable solids by standard literature procedures.7c Addition of silver trifluoroacetate 
to a suspension of Au2(dppm)Cl2 or Au2(dppe)Cl2 in THF results in the formation of 
the soluble bis(trifluoroacetate) complex which was not isolated. The solution was 
filtered to remove silver chloride and then treated with Na2muco to give the neutral 
complexes of Au4(dppm)2(muco)2 and Au4(dppe)2(muco)2 respectively by 
displacement of the weakly coordinating trifluoroacetate anions as shown in Scheme 
5.4. Single crystals of [Au4(dppm)2(muco)2]⋅MeOH, 21 and 
[Au4(dppe)2(muco)2]⋅2CH2Cl2⋅MeOH, 22 were obtained by dissolving 
[Au4(dppm)2(muco)2] and [Au4(dppe)2(muco)2] in C2H4Cl2/MeOH (2:1) and 
CH2Cl2/MeOH (1:1) respectively and layering with n-hexane. These complexes are 
colourless, air stable solids but they are light sensitive. Therefore, they were stored in 
the dark.  
 
 





5.2.2 Description of crystal structures   
5.2.2.1 [Au4(dppm)2(muco)2]⋅2MeOH, 21 
Single crystal of compound 21 was grown from a concentrated solution of 
C2H4Cl2/MeOH (2:1) layered with n-hexane to give colourless block crystals. X-ray 
crystallograpic experiments reveal that complex 21 belongs to the monoclinic space 
group P21/c with Z = 1. The asymmetric unit contains half of the complex 21 and one 
methanol molecule (Figure 5.6). The other half of the molecule is related by 
crystallographic centre of symmetry. The coordination geometry about the Au(I) 
center is approximately linear with angles O1-Au1-P1 and O3-Au2-P2 of 175.02(16)° 
and 175.20(15)°, which is expected for Au(I) complexes. Some selected bond lengths 
and angles of complex 21 are shown in table 5.1. 
 
Figure 5.6 A perspective view of the asymmetric unit of the crystal 21. The solvent 
molecule and H atoms in the phenyl rings are not shown for the clarity. 
 
The molecular structure of complex 21 from X-ray studies proved the 
formation of a 26-membered ring containing four Au(I) centers (Figure 5.7). To the 





have not been reported so far.  The tetranuclear Au(I) macrocycle resides on a 
crystallographic inversion center located in the center of the macrocycle.  
 
Figure 5.7 Ball and Stick diagram of the molecular structure of complex 21. 
The short bridge of the dppm ligand brings the two Au(I) centers close 
together for aurophilic interactions as evident from the transannular Au(I)···Au(I) 
interaction (Au1–Au2, 2.971(0) Å) which are comparable to the distance observed in 
(dppm)Au2 structures.6 Muco2- ligand coordinates to Au(I) centre as monodented 
fashion via carboxylate O (Au1-O1, 2.055(5) and Au2-O3, 2.059(5)) and non-
coordinated C=O groups of adjacent muco ligands span anti orientation. The two 
CCO2 groups are twisted compared to (CH)4 plane with the dihedral angles of 15.27º 
and 11.78º.  
Interestingly, the C=C bonds of the adjacent muco ligands are found to be 
aligned parallel with the assistance of (dppm)Au2 clips with a distance of 3.958Å 
between the centroids of the double bonds. This arrangement satisfies Schmidt’s 
geometric criteria for solid-state [2+2] cycloaddition reaction1 and hence the complex 
is likely to be photoreactive.8 
5.2.2.2 [Au4(dppe)2(muco)2]⋅2CH2Cl2⋅MeOH, 22 
 Single crystals of 22 were grown from a concentrated solution of 





crystallography experiments reveal that complex 22 belongs to the triclinic space 
group Pī with Z = 2. The asymmetric unit contains two halves of the complex, two 
CH2Cl2 molecules and one MeOH molecule. One of the CH2Cl2 molecules was 
disordered with the C atom and one Cl atom occupying two different positions with 
occupany ratio of 48:52. The two halves of complex 22 in the asymmetric unit are 
shown separately and solvents are not shown for the clarity (Figure 5.8). Both halves 
of the complex contain a crystallographic centre of inversion located at the center of 
each molecule. 
             
Figure 5.8 Perspective views of the two halves of the complex 22 in the asymmetric 
unit (Left). Solvent molecules and H atoms in phenyl rings are not shown for clarity 
(Right). 
 
Compound 22 also forms similar structure as 21, but it froms two independent 
28-membered ring containing four Au(I) centers wherein two dppm ligands bridge 
two pairs of Au(I) centers in presence of muco2- anions (Figure 5.9). As expected, the 
intra-molecular Au(I)···Au(I) interactions (Au1–Au2, 3.037(1) and Au3–Au4, 
3.362(1) Å) are present in the molecule which is in the are expected for (dppe)Au2 
structures.6 Similar to 21, muco2- ligand coordinates to Au(I) centre as monodented 
fashion via carboxylate O (Au1-O1, 2.047(5); Au2-O3, 2.038(6); Au3-O5, 2.064(5) 





span anti orientation. The two CCO2 groups are also twisted compared to (CH)4 
plane, but in one unit dihedral angles (3.34º and 5.16º) are smaller than that (10.82º 
and 11.80º) of other unit.  
Interestingly, the two 28-membered macrocyclic units exhibit slightly 
different geometries. One macrocyclic unit has a shorter Au(I)···Au(I) distance of 
3.037 Å but a longer distance of 4.254 Å between the centroids of the double bonds 
(Figure 5.9a) while the other unit exhibits a longer Au(I)···Au(I) distance of 3.362 Å 
but a shorter distance of 4.207 Å between the centroids of the olefinic double bonds 
(Figure 5.9b). Some selected bond lengths of complex 22 are shown in table 5.1. 
 
 
Figure 5.9 Ball and Stick diagram of molecular structure of two independent 
macrocylic units of complex 22. 
 
Similarly, the olefinic bonds of the adjacent muco ligands in complex 22 are 







bonds only marginally meets the Schmidt’s criteria for solid-state [2+2] 
cycloaddition. However, there are many examples of aligned olefinic bonds with 
distances of more than 4.2 Å undergoing photodimerization upon UV irradiaition.9 
Table 5.1 Selected bond lengths and bond angles in 21 and 22 
               Compound 21                                              Compound 22 
Au1-O1 2.055(5) Au1-O1 2.047(5)                      
Au1-P1 2.223(2) Au1-P1 2.211(2)                    
Au1-Au2 2.971(0) Au1-Au2 3.037(1)                     
Au2-O3 2.059(5) Au2-O3 2.038(6)                      
Au2-P2 2.215(2) Au2-P2 2.217(2) 
O1-Au1-P1 175.02(16)  Au3-O5 2.064(5) 
O1-Au1-Au2 88.69(15)  Au3-P3 2.213(2) 
P1-Au1-Au2 93.70(5)  Au3-Au4 3.362(1) 
O3-Au2-P2 175.20(15)  Au4-O7 2.053(5) 
O3-Au2-Au1 99.30(14)  Au4-P4 2.220(2) 
P2-Au2-Au1 84.38(5)   O1-Au1-P1              170.97(19) 
    O1-Au1-Au2            94.1(2) 
    P1-Au1-Au2            92.36(6) 
    O3-Au2-P2              168.53(18) 
    O3-Au2-Au1            91.1(2) 
    P2-Au2-Au1            96.38(6)    
    O5-Au3-P3 173.32(17) 
    O5-Au3-Au4 85.93(18) 
    P3-Au3-Au4 99.33(6) 
    O7-Au4-P4 171.36(18) 
    O7-Au4-Au3 90.05(18) 
    P4-Au4-Au3 97.00(6) 
   Au3-O5 2.064(5) 





5.2.3 Photodimerization of Complexes 21 and 22 in Solid-state 
Solid powder of both the complexes 21 and 22 were packed between two 
Pyrex glass slides and were irradiated under UV light using a xenon light source for 1 
h on each side of the glass slide respectively. The white compound turned orange-
brown after 2 h of irradiation. Both irradiated compounds were characterized by 1H 
NMR spectroscopy in d6-DMSO. The quantitative photoreactivity is evident from the 
1H NMR spectra of the irradiated products. The 1H NMR spectra of 21 and 22 show 
complete disappearance of the signals from olefinic protons of muconate ligand (δ = 
6.0 and 7.0 ppm) and appearance of two new peaks (δ = 3.7 and 5.7) as shown in 
Figure 5.10. The disappearance of the olefinic protons gave an indication that 100% 
photodimerization had taken place. However, the 1H NMR data indicate that there is 
no formation of ladderane as the cyclobutane protons emerge in the δ = 3.0 – 4.3 ppm 
range.4,10 Rather, the δ values correspond to the formation of cyclooctadiene 














                       
Figure 5.10 1H NMR spectra of complex 21 in d6-DMSO i) before and ii) after 
irradiation and 22 in d6-DMSO iii) before and iv) after irradiation under UV lamp. 
                     
The formation of the cyclooctadiene dimer can be further characterized by 31P 
NMR spectroscopy. The 31P NMR spectrum of complex 21 exibits a singlet at 26.4 
ppm, which confirms that all the phosphorous atoms are chemically and magnetically 
equivalent. This chemical shift is in the range expected for (dppm)Au2 structures 
complexes.7c The 31P NMR spectrum of the irradiated complex 21 also exhibits only a 
singlet, indicating effective equivalence of all phosphorus atoms (Figure 5.11). This is 
consistent with the formation of the highly symmetrical cyclooctadiene complex in 
corroboration with the 1H NMR spetrum. Similar observations have been observed in 





higher chemical shift (From δ = 26.4 in 21 to 27.2 ppm in corresponding dimerized 
product and δ = 24.3 in 22 to 27.4 ppm in corresponding dimerized product) 




Figure 5.11 31P NMR spectra of complex 21 in d6-DMSO i) before and ii) after 
irradiation and 22 in d6-DMSO iii) before and iv) after irradiation under UV lamp. 
 
Theoretically, two pairs of C=C bonds could undergo cycloaddition to form a 
ladderane. However, there was no evidence of formation of the ladderane even after 
exposing the sample of 21 and 22 for very long time under UV light. This observation 
is quite different from what MacGillivray had reported earlier wherein the formation 
of the ladderane proceeded by a stepwise [2+2] cycloaddition. The single 
cycloaddition product is generated first for di-olefine which then proceeds to undergo 
a second cycloaddition to give the final ladderane, whereas a third cycloaddition leads 
to  the formation of final product for tri-olefines (Figure 5.1).4  
However, photochemical [2+2] cycloaddition of complex 21 and 22 leads to a 





mechanistic pathways for the formation of the cyclooctadiene dimer as shown in 
Scheme 5.5. Pathway 1 assumes that the cyclooctadiene dimer was formed by the 
photoreaction of a pair of double bonds to give the single cycloaddition product, 
which would then thermally transformed to the cyclooctadiene dimer via a Cope 
rearrangement. This reaction mechanism of muconic acid derivatives was already 
reported by Green et al.11  
Pathway 2 is also a possible mechanism for the formation of the 
cyclooctadiene dimer whereby the starting material undergoes a single-step concerted 
[4+4] cycloaddition. Erker reported the formation of an organometallic 
cyclooctadiene derivative from the photolysis of the 
bis(butadienylcyclopentadienyl)dichlorozirconium complex in solution.12 Reaction in 
dichloromethane and at low temperatures gave the cyclooctadiene via the same 
reaction mechanism mentioned earlier. With a different set of experimental 




Scheme 5.5 Schematic representation of plausible reaction mechanistic pathways of 





Previously, Okada reported that the muco2- anions in the crystals of 2,4-
hexadiyne-1,6-diammonium (E,E)-muconate undergo partial photodimerization 
leading to the formation of mainly cyclooctadiene derivative along with small amount 
of [2+2] cyclobutane dimer.11 The photoreaction of a pair of C=C bonds gave the 
single cycloaddition product which then undergoes a thermally induced Cope 
rearrangement to form the cyclooctadiene dimer. This is evident from the presence of 
corresponding peaks of [2+2] dimer as well as cyclooctadiene dimer observed in 1H 
NMR spectrum. 
To understand the mechanistic pathway, 1H NMR data were collected for 21 
and 22 during various time intervals throughout the reaction to monitor the progress 
of the reaction. The stacking plot of the time-dependent 1H NMR of 22 is shown in 
Figure 5.12 which indicates the gradual disappearance of the olefinic protons of 
muconate ligand accompanied by the gradual appearance of two peaks at 3.7 and 5.7 
ppm of cyclooctadiene derivative. However, the peaks corresponding to the 
intermediate [2+2] cyclobutane dimer obtained by single cycloaddition were not 
observed. Therefore, the photodimerization reaction may undergo in a single-step 
concerted [4+4] cycloaddition process, or form single cycloaddition product first 






              
 
Figure 5.12 Stack plots of photodimerization reaction of complex 22 irradiated at 
room temperature. Only selected region 3.6-7.2 is shown for the clarity. 
 
SCSC photodimerization experiments were carried out to obtain the structure 
of final product, but they were unsuccessful as the single crystals lost their 
crystallinities after UV irradiation. In addition, many attempts were also made to grow 
single crystals for the photodimerized products of complexes 21 and 22 but they were 
all not successful.  
5.2.4 Photodimerization of Complexes 21 and 22 in Solution 
 The geometric criteria required for photochemical reaction is provided and 
maintained in the crystal lattice but not necessarily in solution. Interestingly, we found 
that the gold rings 21 and 22 also undergo 100% photo-conversion to the 
cyclooctadiene dimers in solution. The 1H and 31P NMR spectroscopic evidences are 
provided in the Appendix (Figure A4-A7). This observation confirms that parallel 
alignment of the C=C bonds in the macrocycles are maintained, thus highlighting that 
the solid-state connectivity and conformation of the macrocyclic rings are retained in 

















must be found to replace the crystal lattice as an ordering principle.13 In our work, we 
have shown the stabilities of the Au(l) macrocycles in solution as well. 
 
5.3 Physicochemical Studies 
5.3.1 IR studies 
  The X-ray crystal structure, 21 and 22 contains both aqua ligands. The 
asymmetric νas(COO-) and symmetric νs(COO-) stretching vibrations of  carboxylate 
in the free H2-muco have been observed at 1681 and 1418 cm-1 respectively which 
have been shifted in the compound indicating the complexation. Selected IR bands are 
given in Table 5.2.  The Δν value of ca. 234 cm-1 observed in 21 and 247 cm-1 in 22 
suggests the monodentate coordination mode of carboxylate 14 and the same has been 
confirmed by the X-ray crystal structures. 
 Table 5.2 IR spectral data of 21 and 22  
Complex υ(P-CPh) υas(COO-) υs(COO-) Δυ 
21 1102 1618 1384 234 
22 1104 1622 1375 247 
 
5.4 Summary 
 In this project, we have successfully designed and synthesized two novel gold-
based neutral macrocycles [Au4(dppm)2(muco)2], 21 and [Au4(dppe)2(muco)2], 22 
respectively by using a combination of diphosphine and muco2- anions. To the best of 
our knowledge, gold macrocycles incorporating dicarboxylic acids have not been 
reported before.  
In addition, we have found out that the C=C bonds of the adjacent 





photochemical [2+2] cycloaddition. Interestingly, the synthesized gold macrocycles 
undergo 100% photo-conversion of one pair of C=C bonds under UV light in solid-
state as well as in solution. The formation of cyclooctadiene may be possible either 
through [4+4] cycloaddition by concerted mechanism or Cope rearrangement after 
single cycloaddition ring formation. However, more work is needed to establish the 
mechanism of formation. To summarize, we have shown that (P~P)Au2 groups as 
clipping agents in a gold macrocyclic rings are capable of aligning conjugated C=C 
bonds between two dicarboxylic acid molecules for photochemical [2+2] 
cycloaddition reactions which may otherwise be difficult to be achieved by 
conventional synthetic routes.  
 
5.5 Experimental 
5.5.1 Synthesis of the complexes  
All reactions were performed under pure dry nitrogen or argon using standard 
Schlenk techniques and apparatus used were wrapped with aluminum foil as the gold 
compounds are light sensitive. AuCl(SMe2), Au2(µ-dppm)Cl2 and Au2(µ-dppe)Cl2 
were prepared according to standard literature procedures.7c 
[Au4(dppm)2(muco)2].MeOH, (21) 
Silver trifluoroacetate (0.044 g, 0.2 mmol) was added to a suspension of 
Au2(dppm)Cl2 (0.085 g, 0.1mmol) in THF (10 mL). The mixture was stirred for 1h 
and then filtered through Celite to remove AgCl. An aqueous solution of the Na2muco 
acid obtained by neutralizing H2muco (0.014 g, 0.1 mmol) with 0.5 M NaOH in H2O 
(4 mL) was added to the resulting filtrate. After stirring for 2 h, the white solid 
product was collected by filtration, washed with THF and diethyl ether and dried 





38.1%. NMR in d6-DMSO: δ(1H) 7.35-7.78 (m, 40H, Ph), 4.61 (t, 4H), 6.07 (m, 4H), 
7.02 (m, 4H); δ(31P) 26.4 (s). Elemental analysis (%) calcd for C64H60Au4O10P4: C: 
40.5, H: 2.83; Found: C: 40.34, H: 2.77. 
[Au4(dppe)2(muco)2]⋅2CH2Cl2⋅MeOH (22) 
Compound 22 was obtained similar to 21, but Au2(dppe)Cl2 was used instead 
of Au2(dppm)Cl2. The residue was recrystallized from CH2Cl2/MeOH (1:1). Yield: 
56.5%. NMR in d6-DMSO: δ(1H) 7.53-7.89 (m, 40H, Ph), 2.90 (d, 8H), 6.07 (m, 4H), 
7.00 (m, 4H); δ(31P) 24.3 (s); IR(KBr)/cm-1: ν(C=O) 1622, ν(P-CPh) 1104. Anal. Calc. 
for C67H64Au4Cl4O9P4: C: 41.2, H: 3.00; Found: C: 41.69, H: 3.05. 
5.5.2 UV irradiation of complexes  
Photodimerization reactions were carried out using fibre optics of MAX-150 
xenon light source (150 W) of 100% intensity and wave length range 280-350 nm.  
Photodimerization of Complex 21: 5-10 mg of compound 21 was packed 
between two Pyrex glass slides and was irradiated under UV irradiation for 1h on 
each side of the glass slide respectively. For photodimerization in solution, 5 mg of 
compound 21 was dissolved in d6-DMSO and the NMR tube was irradiated under UV 
irradiation for 1h. NMR in d6-DMSO: δ(1H) 7.38-7.73 (m, 40H, Ph), 4.59 (t, 4H), 
3.78 (s, 4H), 5.75 (s, 4H); δ(31P) 27.2 (s); IR(KBr)/cm-1: ν(C=O) 1618, ν(P-CPh) 1102. 
Photodimerization of Complex 22: Compound 22 was irradiated similar to 21 
to obtain the photodimerized product. NMR in d6-DMSO: δ(1H) 7.55-7.86 (m, 40H, 







2.4.5.2 X-ray Crytallography 
 The details of crystal data and refinement parameters for 21 and 22 are given 
in the table 5.3. One of the CH2Cl2 molecules in 22 was disordered with the C atom 
and one Cl atom occupying two different positions with occupancy ratio of 48:52.  
Table 5.3 Crystallographic data and structure refinement details of 21 and 22 
Formula C64H60Au4O10P4 (21) C67H64Au4Cl4O9P4 (22) 
Fw 1900.87 2066.73 
T (K) 223(2) 223(2)  
cryst syst Monoclinic Triclinic 
space group P21/c Pī 
a (Å) 11.2747(10) 13.1309(8) 
B (Å) 17.2947(14) 14.7191(8) 
c (Å) 16.2187(14) 18.2436(11) 
α (deg) 90 80.685(1) 
β (deg) 103.224(2) 81.181(1) 
γ (deg) 90 87.496(1)  
V (Å3) 3078.7(5) 3437.8(3) 
Z 1 2 
D calcd (g/cm3) 2.051 1.997 
λ (Å) 0.71073 0.71073 
Data [I > 2σ(I)]/params 5412/372 12074/814 
GOF on F2 0.987 0.978 
final R indices [I   > 2σ(I)]a,b R1 = 0.0432 
wR2 = 0.0885 
R1 = 0.0547 
wR2 = 0.1412 
final R indices (all data) a,b R1 = 0.0623 
wR2 = 0.0950 
R1 = 0.0702 
wR2 = 0.1508 
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 In this work, spacer ligand muconate has been used to synthesize 0D, 1D, 2D 
and 3D coordination polymers of Cu(II), Co(II) and Zn(II) metal as well as Au(I) 
metal macroclycles.  
 In presence of pyridine based of auxiliary ligands (e.g. 2,2′-bpy, phen etc.) 
several Cu(II) metal metal coordination polymers have been obtained with muco 
ligand. Interestingly, Cu(BF4)2 forms 3D coordination polymeric networks with 
diamondoid topology which trapped elusive discrete cyclic water heptamer cluster. 
When the single crystal is cooled from 296 K to 223 K, it undergoes SCSC phase 
transition from monoclinic C2/c to P21/c space group accompanied by structural 
transformation of cyclic (H2O)7 to bicyclic water heptamer containing edge sharing 
pentamer and tetramer rings. This study confirms the previous theoretical predictions 
on the existence of water heptamers. When the anion is changed from BF4¯ to ClO4¯ 
anion, the cyclic water heptamer transforms to another heptamer composed of cyclic 
pentamer ring buttressed by an acyclic dimer via SCSC transformation. The SCSC 
transformation between the water clusters reported here is expected to be prevalent in 
other systems also. Interestingly, a small change in the structure of the backbone of 
the coordination polymer from phen to bpy ligand transforms the cyclic water 
heptamer to a new acyclic form of water aggregate, viz., helicate (H2O)7 trapped 
between the ClO4¯ anions in the  diamondoid channels which is confirmed by the DFT 
calculations. This study is expected to provide new insights into the properties and 
behavior of bulk water where the water molecules interact with the surface of the 
containers through weak interactions. Such weak interactions have been mimicked in 





 Further, being a spacer ligand muconate anion has been used to synthesize 3D 
pillar-layered cubic coordination polymer of Co(II) metal. Here muco2- forms layer 
which supports bpe to be aligned with the distance of Schmidt’s geometric criteria (< 
4.2 Å) for solid-state photo dimerization. However, Co(II) coordination polymer did 
not undergo photochemical [2+2] cycloaddition reaction upon UV irradiation may be 
due to redox metal ions. Therefore, similar polymeric structure of Zn(II) metal 
coordination polymer has been synthesized which undergo 100% photodimerization 
reaction via SCSC transformation upon exposure to UV light. Bdc2- and fum2- anions 
have been used to synthesize similar compounds to prove that the phenomenon is 
common for spacer dicarboxylic acid. To the best of our knowledge, this appears to be 
the first example of 3D→3D SCSC structural transformation in interpenetrated 3D 
coordination polymers induced by UV light.  This may be probably a new way of 
making 3D coordination polymers in the solid-state and a new approach to post-
synthetic modifications of MOFs. Hence, this study is expected to make significant 
impact among the researchers working in the area of supramolecular chemistry, 
organic photochemistry and crystal engineering especially MOFs. 
 Again attempts have been focused to align muconate anion using coordination 
sphere. Using Co(NH3)6, H2muco has been aligned in the solid-state with the distance 
fulfilled by Schmid’s geometric criteria for photodimerization. However, the 
compound did not undergo dimerization even after exposing in the UV light for long 
time as anticipated. 
 cis, cis-H2muco is the cis-counterpart of H2muco which is also rigid spacer 
ligand. In order to obtain systematic structural studies, cis, cis-muconate ligand has 





cis-Muco2- undergoes structural transformation to cis, trans-Muco2- in 2D Zn(II) 
coordination polymer during crystallization. 
 Two gold-based macrocycles, Au4(dppm)2(muco)2 and Au4(dppe)2(muco)2 
have been successfully synthesized where the C=C bonds of the adjacent muco 
ligands were found to be aligned in a parallel fashion in the molecular structure. This 
structural feature provides a rare opportunity to study the solid-state 
photodimerization [2+2] cycloaddition reactions under UV irradiation. Surprisingly, 
only one pair of C=C bonds has been found to undergo photodimerization instead of 
two pairs. UV irradiation of the Au(I) complexes led to the formation of the 
cyclooctadiene dimers through Cope rearrangement instead of the ladderanes. 
 
6.2 Suggestions for Future Work 
 In this research work, mainly Cu(II), Co(II) and Zn(II) have been used to 
synthesize coordination polymers with H2muco ligand. Coordination chemistry of 
muconate anion can be extended to the other transition metals such as Mn(II), Fe(III), 
Ni(II), Cd(II) etc. in view of structural, gas storage and magnetic properties.  
 Diamondoid coordination polymers have been synthesized from Cu(II), 
H2muco and chelating ligands (phen and bpy) which accommodate water heptamers 
inside the channel. Attempts have to be paid to grow bigger crystals for neutron 
diffraction studies which will help to determine positions of protons in water 
molecules without ambiguity. It has been also observed that water molecules have 
interactions with counter anions, BF4¯/ClO4¯ inside the channel. Therefore, octahedral 
(PF6¯) or spherical (Cl¯ or Br¯) anions can be used to synthesize similar type of 
compound which may trap water heptamer of different topology. On the other hand, 





 Co(II) furnished interpenetrated cubic coordination polymer with muco and 
bpe spacer ligands which do not have remarkable N2 adsorption probably due to two-
fold interpenetration. However, these materials can be tested for hydrogen or methane 
storage because hydrogen is widely recognized as an alternative fuel. Interpenetration 
can be avoided by using larger solvent molecule (DEF) or other spacer (e.g. bpy, 
pyrazine, dabco, aldrithiol etc.) can be used. It has been found that cubic Co(II) 
coordination polymer is photostable although bpe pais is aligned with the distance 
satisfied by Schimdt. Theoretical calculation can be adopted to investigate why redox 
redox properties of the metal ions hinder the [2+2] cycloaddition reactions. 
Pillar-layered coordination polymers have been made by using spacer ligand, 
bpe as pillars with Zn2(muco)4/2 layers. Interestingly, this compound has undergone 
SCSC photodimerization. This structural change can be monitored by comparing 
some of the properties of the initial and final product. Photodimerization converts 
photoresponsive moieties to the flexible porous framework to control or tune host 
flexibility by photoirradiation in the compound, and the sorption behaviour can be 
controlled. Therefore, photodimerization can be used as a tool to make flexible PCPs 
for selective sorption by means of dynamic structural changes. After 
photodimerization there is lack of extended conjugation in bpe which would be 
investigated by spectroscopic measurements. Instead of bpe, 1,4-(4-bispyridyl)-1,3-
butadiene can be used as pillars that have conjugated diene part. Therefore 
photodimerization will lead to the formation of ladderane. 
  It is possible to build structures with different dimensionalities using variety of 
metal ions and organic ligands. Therefore, the above mentioned reactions can be 





H2muco. Systematic structural studies involving the Cu(II) complexes can be carried 
out with cis, cis-H2muco as done with with H2muco.  
 cis, cis-Muco has undergone structural transformation to cis, trans-muco at RT 
and formed 2D coordination polymer with Zn(II) and bpy. This compound can be 
tested for gas adsorption because there are not many reports on gas adsorption of 2D 
MOF. Besides, reason behind the transformation of cis, cis-muco can be further 
investigated. It has been found that bpy is aligned in the 2D coordination polymer 
which satisfies the Schmidt’s geometric criteria. Therefore, similar compound can be 
obtained with bpe that can be tested for SCSC photochemical (2+2) cycloaddition. 
 1D coordination polymer has been obtained by Zn(II), cis, cis-muco and bpe, 
where bpe is hydrogen bonded to coordinated aqua ligand. This hydrogen bonded 
network is expected to undergo topochemical reaction upon removal of coordinated 
aqua molecules, giving a potentially large porous framework structure. After removal 
of aqua ligand, bpe molecules are expected to be aligned in the compound that can 
undergo photodimerization reaction. 
 Structure of final products of Au4(dppm)2(muco)2 and Au4(dppe)2(muco)2 
after photodimerization could not be obtained unequivocally in absence of crystal 
structures. Future work can be carried out to grow single crystals of the compounds to 
determine their molecular structures. This area of research can be extended to other 
types of olefinic dicarboxylic acids such as fumaric acid, cis, cis-H2muco, stilbene 
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Table A1 Crystallographic data and structure refinement details of 1 heating from 
223K to 296K 
 
Formula C48H46B2Cu3F8N6O15 (I′) 
Fw 1311.15 
cryst syst Monoclinic 
space group C2/c 
a (Å) 18.9351(11) 
b (Å) 22.7382(14) 
c (Å) 13.3437(9) 
β (deg) 112.798(2) 
V (Å3) 5296.3(6) 
T (K) 296 
Z 4 
Dcalcd (g/cm3) 1.644 
μ (mm-1) 1.295 
λ (Å) 0.71073 
data [I > 2σ(I)]/params 3756/405 
GOF on F2 0.977 
final R indices [I > 2σ(I)]a,b R1 = 0.0681 
 wR2 = 0.1568 
final R indices (all data) a,b R1 = 0.1139 
 wR2 = 0.1796 
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